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CHAPTER I: INTRODUCTION 
As a soil becomes compressed due to the weight of overlying 
deposits or from external load applications, several properties 
of the soil mass change. Its bulk density increases, its pore 
volume decreases, its pore size distribution changes, and the 
position of the particles reorient. These changes in pore-solid 
relations in turn affect root proliferation. 
As the mechanical properties of the soil change under load 
application, the mechanical resistance by the soil to the growing 
root is altered. A change in the mechanical properties will 
alter the aeration, water, and thermal properties of the soil, 
which in turn affect the plant's response. Because the four 
properties are interdependent, it is usually difficult to deter­
mine the specific effects of mechanical impedance upon root 
growth. The response of the plant to a change in one factor 
often modifies its response to another. Usually sophisticated 
laboratory techniques are necessary in order to control certain 
variables allowing the effects of another to be evaluated. 
Although, for many years, it has been realized that the 
mechanical resistance of the soil can have a marked influence on 
plant growth, not until recently has it been possible to deter­
mine the mechanical pressure exerted by the soil on the growing 
root. 
Roots are likely to be excluded from cemented soils with a 
rigid skeleton unless wide pores are present. However, in the 
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case of soil horizons which lack wide pores, the roots may grow 
by deforming the adjacent soil. For most unsaturated soils the 
plant root deforms the surrounding soil by combined shear and 
compression. As the root penetrates to increasing depths below 
the surface, the overburden pressure of the soil will increase 
the soil's resistance to local deformation. 
It is the purpose of this thesis to evaluate the effect of 
the dead weight of soil on its resistance to local deformation. 
Not only has this resistance been determined experimentally 
using a penetrometer to simulate the plant root, but it has also 
been calculated from the equations of Farrell and Greacen (1966) 
using measured mechanical properties of the soil. 
Experiments have also been conducted for various ratios of 
penetrometer diameter to core diameter. In this way the combined 
effects of overburden pressure and root density on the soil's 
resistance to deformation by the plant root have been examined. 
Root density is defined as the ratio of cross-sectional area of 
root to cross-sectional area of soil. 
The validity of using a rigid penetrometer to simulate a 
flexible plant root can be questioned. However, this measure­
ment of the mechanical resistance of the soil has been shown to 
correlate well with the growth of plant roots. 
Although this study concerns the effect of mechanical im­
pedance of soils to root penetration, in order to acknowledge 
the importance of aeration and water stress upon plant growth. 
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a brief review of each as it affects root growth is presented in 
the Review of Literature. 
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CHAPTER II: REVIEW OF LITERATURE 
The growth of plant roots under field conditions is influ­
enced by several external variables acting through space and 
time. These factors include aerial environment, competition 
from other nearby roots, nutrient availability, pH, and salt 
concentration of the soil solution as well as the principal soil 
physical factors - mechanical impedance, aeration, water, and 
temperature. In this section an evaluation of each of the 
physical factors, except temperature, is included. 
Soil Water Requirements for Root Growth 
Water plays a major role in determining the nature of soils 
and the properties and processes that govern plant growth. The 
ability of the plant root to proliferate within the soil is 
affected by the water content of the soil, indirectly through 
its effect on the properties of the soil and directly upon its 
availability to the plant. 
Plants growing in uniform, moist, fertile soils usually 
have a relatively shallow root system, while drought occurrence 
after the plant has become established encourages a deep root 
system. Russell (1961) states that the deepest root development 
is found in regions of moderate summer droughts but adequate 
winter rain. Shantz (1911) shows that in such regions over 65 
per cent of the species evaluated sent their roots down to a 
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depth of at least 1.5 m, and many reached 2.7 m and a few 6.1 m. 
Bennett and Doss (1960), Jean and Weaver (1924), and Weaver 
(1926) note that, under some circumstances, a low water supply 
stimulated a greater root development and, consequently, a 
greater absorbing surface than was found with a high water supply. 
Bennett and Doss (1960) studied the effects of three water 
levels - produced by irrigation when 30, 65, or 80 per cent of 
the available soil water had been removed in the root zone - on 
root development of eight cool season forage species. The ef­
fective rooting depth decreased as soil water level increased; 
or as the soil water level was decreased, depth of water extrac­
tion increased for all species. Weaver and Himmell (1930) found 
that rooting depth increased with decreasing water content until 
the soil became too dry for root growth. The conditions under 
which the plant is grown appear to have a considerable influence 
on root distribution. 
Weaver and Albertson (1943) gave an example of amount of 
rainfall on the depth" of rooting of wheat in the Great Plains. 
As the rainfall decreased from approximately 73 to 46 cm, the 
root system decreased in depth from about 1.5 m to 0.6 m and the 
height of the wheat from just over 0.9 m to just over 0.6 m. On 
the other hand, as the rainfall increased, the root system once 
again became more shallow, because the roots obtained their 
required water in the superficial layers of the soil to carry 
the crop through the normal rainless periods. It is therefore 
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only when conditions favour deep rooting that plants can display 
their capacity to form deep roots. 
The dependence of the depth of the root zone on the water 
supply can be seen very clearly in irrigation work. Thompson 
and Barrows (1920) found lucerne roots penetrated only 0.9 to 
1.2 m when the water was supplied in 5.1-cm irrigations, but to 
1.5 m if 12.7-cm irrigations were used. In the semi-arid deep 
silts of Nebraska roots will penetrate 6.1 to 9.1 m and dry the 
soil to that depth. Kmoch et (1957) found, however, that 
wetting the soil to different depths prior to seeding winter 
wheat in Nebraska produced increased root penetration associated 
with the increased depth of wetting. Roots developed under 
limited moisture conditions were finer and had more longer 
branches than roots developed under wetter soil water conditions. 
Water stress causes decreased growth on both plant tops 
and roots, but there is evidence that root growth is affected 
much less than is shoot growth. Davis (1942) shows that the 
ratio of the weight of above-ground parts to below-ground parts 
increases with increasing water supply. Troughton (1957) illus­
trated the effect of soil water levels on root growth for several 
species of grasses. Increasing the soil water level from about 
one-half the water-holding capacity to near saturation caused a 
twofold increase in root growth, while the top growth was in­
creased nearly fourfold over the same range. Black (1960) 
reasons that the relatively low ratio of tops to roots under 
conditions of water deficiency probably is responsible for the 
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common belief that water deficiency stimulates root growth. The 
change in proportion of roots to tops of plants in response to 
changes in water supply may be explained in part on the basis of 
the effects of water on cell elongation. The free energy of 
water in the roots exceeds that in the tops, as indicated by the 
fact that water moves from roots to the tops. Hence the avail­
ability of water for cell elongation is greater in the roots 
than in the tops. 
As stated by Richards (1928), water absorption by the plant 
root is determined by "the ability of the plant root to absorb 
and use the water with which it is in contact and the readiness 
or velocity with which the soil water moves in to replace that 
which has been used by the plant". 
Richards and Wadleigh (1952) and Black (1960) point out 
that all water held in the so-called suction range of available 
water is not equally available to the plant. The availability 
of soil water to plants decreases gradually as the water content 
of the soil decreases from the field capacity toward the perma­
nent wilting point. Davis (1940) grew corn plants in soil 
cultures in the greenhouse and measured the rate at which the 
plants increased in height at different water percentages in 
the soil. He found that the rate of growth increased with the 
water content of the soil. Haynes (1948) concluded that under 
conditions of high soil fertility and high soil oxygen content, 
rates of vegetative growth increase markedly with increasing 
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soil water from near the permanent wilting percentage to near 
saturation of the soil. In Mederski and Wilson's (1960) experi­
ments dry weight of plant roots increased linearly with increas­
ing water content of the soil, and Peters (1957) found that root 
elongation increased linearly with increasing water content. 
Wadleigh (1946) presents a graph showing a gradual decrease in 
the growth of guayule plants as the water stress in the soil 
increases. Gingrich and Russell (1956) showed that in the ab­
sence of other limiting factors, radical elongation rate of corn 
seedlings decreased as soil water suction increased. 
The movement of water to the absorbing surface of the root 
should be given consideration when dealing with water absorption 
and root development. Water removal from the soil is determined 
by the active absorbing area of the root, the rate of increase 
of activé root area, and the average velocity that water moves 
from the soil to the root. 
Water moves from the soil mass to the root surfaces, then 
through the plant and into the atmosphere along a gradient of 
decreasing water potential. Several reviews dealing with water 
movement-plant relations are available. Gardner (1966) presents 
a mathematical approach to the movement of water to the plant 
root. Slatyer (1967) presents chapters on the movement of water 
within soils, the movement of water to plant roots, and move­
ment through the plant. 
If the transpiration rate of the plant is greater than 
water uptake by the root, the rate of water removal from soil 
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by a plant depends on the flow of water from the soil mass to 
the root surface. The rate of flow depends on both the suction 
with which the water is held and the capillary conductivity of 
the soil (Gardner and Ehlig, 1962). 
In soil having a water content at or below the field capac­
ity, movement of water to the roots is a relatively short-range 
process. Black (1960) refers to a simple experiment conducted 
by Davis (1940) to expand upon the energy requirements for 
transportation of water through the root system of plants. 
Davis planted corn in one end of a box of soil until the roots 
appeared to be distributed uniformly throughout the soil. He 
noted that even though the soil was wet uniformly after this 
time the plants withdrew the water near at hand more rapidly 
than that some distance away. The water supply in soil near 
the plants was exhausted nearly to the wilting point while the 
water content of soil 0.9 m away remained near field capacity. 
Black states that the lesser absorption of water by the remote 
portion of the root system is consistent with a positive energy 
requirement for moving water from these parts to the base of 
the stem. If the energy requirement for transportation of water 
through the root system had been zero, water should have been 
withdrawn from the soil at approximately equal rates throughout 
the box. The energy requirements for moving water at a given 
rate through a fixed length of root may be expected to increase 
with decreasing cross sectional area of conducting tissue and 
of individual conducting channels within that tissue. 
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The slow rate of soil water transmission in unsaturated 
soils can be detrimental to root elongation. Peters (1957) 
illustrated the effect of differences of soil water suction and 
soil water content on plant growth. Germinated corn seeds in 
controlled growth chambers were covered with varying percentages 
of clay and sand mixtures that had been brought to definite soil-
water-suction values. At the same suctions, plants grew better 
in fine-textured soil than in coarse-textured soil. Thus, in 
addition to soil water suction, water content is important in 
affecting water availability, probably because of the greater 
unsaturated hydraulic conductivity in fine-textured soil. 
Following data by Baver (1956), one may conclude that water 
movement in unsaturated soil is too slow over long distances to 
be an important factor in supplying the requirements of rapidly 
transpiring plants. To utilize most effectively the moisture 
stored in a soil profile, roots must continue to proliferate 
into, unexploited zones throughout the growth cycle of the plant. 
Root extension is a relatively long-range process that acts 
mainly to bring the.absorbing surfaces into position for the 
movement of soil water to be effective. Pronounced differences 
exist among plants in regard to the maximum distance through 
which root extension into moist soil takes place. Burton et al. 
(1954) found that drought resistance of grasses on a sandy soil 
in Georgia was associated with root extension. During a 2-month 
drought, foliage of carpet grass turned brown and died, whereas 
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foliage of coastal bermuda grass showed little evidence of injury. 
Excavation of the roots showed that the proportion of the root 
system by weight in the soil below a depth of 0.6 m was 6 per 
cent with the carpet grass and 35 per cent with coastal bermuda 
grass. 
Salim et al. (1965), using two varieties each of barley, 
oats, and wheat, found that species and varietal differences in 
the behavior and early development of root systems under condi­
tions of soil water stress do exist. The more drought hardy 
species, notably barley, had longer seminal roots and usually 
more of them. Little penetration of soils at or below the 
permanent wilting point was found, although the barley varieties 
did penetrate the most. The penetration by roots of sideoats 
grama and sand lovegrass under the same conditions was fairly 
extensive. 
Kiesselbach, Anderson, and Russell (1934) investigated the 
utilization of subsoil water by crops in eastern Nebraska. They 
found that with a soil initially well supplied with subsoil 
water as a result of accumulation over many years, five years of 
cropping to sweet clover and red clover failed to deplete the 
soil of water below a depth of 2.1 m. With alfalfa, however, 
the subsoil water had been reduced nearly to the permanent 
wilting point to a depth of at least 4.6 m by the end of 4 years. 
Once the subsoil water had been depleted, considerable time was 
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required for its restoration under the prevailing conditions, 
even when the soil was kept fallow. 
Therefore, the density of root proliferation in the soil 
is an important consideration. It is necessary for the plant to 
have roots that completely ramify the soil reservoir in order 
to utilize all water available. 
Indirectly, water affects the growth of roots by altering 
the properties of the soil. Almost all of the physical prop­
erties of soils, such as consistency, strength, compressibility 
and consolidation, permeability, and structure depend on the 
interrelationships between soil particles and water. In many 
of the experiments presented above, even though water stress 
was concluded to be the limiting factor in root development, 
other factors could have been involved. A specific factor is 
difficult to evaluate without having complete control over the 
other factors involved. 
Adequate Aeration and Root Growth 
The pore space of the soil mass is occupied not only by 
water but by gases which play an important role in root develop­
ment. In a later part of this section the reader will be re­
minded of the interrelationship of soil air and water. One 
cannot be changed without changing the other to some extent. In 
spite of the fact that this interrelationship exists, there are 
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certain aspects of soil aeration that deserve separate 
consideration. 
The literature on soil aeration has been reviewed by 
Clements (1921), Russell (1952), and Grable (1966). 
Girton (1927) reported significantly greater root elongation 
of orange seedling in aerated as compared with nonaerated liquid 
cultures. In sand cultures no growth occurred in 17 days when 
the aeration gas contained 1.5 per cent oxygen. Bryant (1934) 
found that barley grown in nonaerated cultures had 225 roots per 
plant, averaging 10.9 cm in length, whereas aerated plants had 
75 roots per plant, averaging 37.4 cm. The nonaerated roots 
were 15 per cent thicker than the aerated ones. Thus it would 
seem that a lack of a sufficient oxygen supply is a great 
limiting factor in the development of an intensive root system. 
Oxygen is essential for the proper functioning of all protoplasm. 
Without it root cells cannot grow and develop. 
Reduced growth of plants has been attributed both to exces­
sive carbon dioxide and deficient oxygen in the root atmosphere. 
There is no general agreement as to whether the limiting factor 
for optimum root function is insufficient oxygen or excess 
carbon dioxide. 
The actual composition of the soil air depends primarily 
upon the extent of biological processes and the ease of renewal 
by exchange with atmospheric air. Growing plants as well as 
most soil microorganisms utilize oxygen from the soil air and 
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give off carbon dioxide. Thus it might be expected that the 
soil air would contain more carbon dioxide and less oxygen than 
the atmosphere. The carbon dioxide composition of the atmosphere 
is about 0.03 per cent, and the air content from surface layers 
of soils is usually about 0.2 to 1.0 per cent carbon dioxide. 
The difference between the oxygen percentage in the atmosphere 
(21 per cent) and in the soil is relatively small unless gas 
exchange is restricted. . 
Carbon dioxide concentrations sufficiently high to exert a 
retarding effect on growth are seldom obtained even in poorly 
aerated soils. Leonard and Pinckard (1946) found that a carbon 
dioxide concentration of at least 30 per cent was necessary in 
the gas mixture saturating a solution culture to result in even 
a small inhibiting effect on the growth of cotton roots. Con­
centrations of carbon dioxide in the soil atmosphere apparently 
do not often exceed 15 per cent, except following incorporation 
of large amounts of organic matter. The incorporation of fresh 
organic matter into the soil greatly affects aeration by de­
pressing the oxygen content and increasing the carbon dioxide 
(Epstein and Kohnke, 1957). Also water uptake and ion uptake 
is usually reduced more drastically by a high concentration of 
carbon dioxide than by a low concentration of oxygen (Kramer, 
1940; Chang and Loomis, 1945). 
On the other hand, concentrations of oxygen low enough to 
exert a retarding effect on growth are frequently attained in 
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poorly aerated soils. Growth is retarded in the roots of many 
species when the oxygen concentration of the soil,drops below 
10 per cent (Cannon, 1925). In poorly aerated soils oxygen 
concentrations are frequently less than this and often approach 
a zero value. Gill and Miller (1956) reported that corn seedling 
root growth over a period of less than a week was reduced ap­
proximately 50 per cent when the oxygen concentration in the 
growth chamber was reduced from 10 to 5 per cent. A deficiency 
of oxygen therefore appears to be the more important factor in 
causing diminishing growth of both roots and plants as a whole 
in poorly aerated soils than an excess of carbon dioxide. 
The literature contains inconsistencies concerning root 
behavior as affected by changes in the composition of soil at­
mosphere. Leonard and Pinckard (1946) found that when the 
oxygen concentration in the aerating gas was maintained at 21 
per cent, cotton growth was not affected by carbon dioxide con­
centration as high as 15 per cent. Root growth was reduced 
with 30 per cent, and both root and top growth were reduced 
with 45 per cent and 60 per cent carbon dioxide. When the 
carbon dioxide content of the aerating gas was maintained at 10 
per cent, growth was better with oxygen at 15 per cent than at 
10 per cent or less. Seeley (1948) found that when solution 
cultures were aerated with various nitrogen-oxygen mixtures, 
essentially no increase in growth resulted from oxygen levels 
in excess of 10 per cent. On the other hand, Boicourt and Allen 
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(1941) reported that growth of roses was doubled by placing 
tiles beneath the soil and forcing air through the tiles for 
one hour daily. The percentage of carbon dioxide decreased from 
1.5 to 0.3 per cent, while the percentage oxygen changed very 
little (from 18.8 per cent to 20.3 per cent). 
Black (1960) criticizes the use of results obtained from 
culture solutions for explaining conditions in soils. He dis­
cusses four reasons for conditions in soils not being entirely 
analogous to those in culture solutions. The abnormal results 
of Biocourt and Allen were probably because their measure of 
the composition of the soil atmosphere was a poor estimate of 
the aeration conditions at the root-soil surface. 
The examples presented show that the oxygen supply at the 
root absorbing surface is critical. Hence not only the gross 
oxygen level of the soil air is important, but also the rate at 
which oxygen diffuses through the soil to maintain an adequate 
partial pressure at the root surface is important. Equilibration 
between soil and atmospheric air takes place for the most part 
slowly and continuously by the process of diffusion. Diffusion 
involves the movement of individual gaseous constituents in 
response to gradients in the partial pressure of that particular 
constituent. In consequence, the similarity of composition of 
soil air to atmospheric air is greatest with samples from the 
surface layers of soil and decreases with increasing depth of 
sampling, as illustrated by Boynton (1941). For a given rate of 
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oxygen consumption and carbon dioxide production in soil, the 
difference in composition between soil and atmospheric air de­
creases with increasing rate of diffusion. 
In the past, gaseous exchange was thought not to be sig­
nificantly influenced by pressure fluctuations in the soil. 
Recently it has been shown that pressure fluctuations on a micro 
scale at the soil surface due to atmospheric turbulence caused 
by wind can result in an effective diffusion much greater than 
can be accounted for by molecular diffusion alone (Farrell, 
Greacen, and Gurr, 1966). Their theoretical treatment of the 
effect of micro-oscillations in barometric pressure at the soil 
surface on air movement in soil suggests that the effect of wind 
cannot be ignored in the evaluation of the effectiveness of 
mulches in the field. Field and wind-tunnel work has given 
experimental evidence that increased turbulence in the air above 
the soil can substantially increase the effective coefficient 
of vapor diffusion through coarse mulches thereby reducing the 
effectiveness of a mulch in inhibiting loss of water evaporation 
(Benoit and Kirkham, 1963; Hanks and Woodruff, 1958; Johnston 
and Buchele, 1962) . 
Gas exchange can be restricted by a limited macroporosity 
or by insufficient drainage of water. Soil texture influences 
both air porosities and permeabilities of soils. Leonard (1945) 
reported oxygen contents ranging down to zero in a Houston clay 
under cotton, whereas the lowest level in a Sarpy fine sandy 
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loam was 8 per cent. Root development in the Houston soil was 
closely related to oxygen content. Sands usually contain many 
large pores and have high non-capillary porosities and thus no 
aeration problem. Clay soils, on the other hand, have rather 
low non-capillary air capacities. Bateman (1963) noted that a 
change in porosity of Drummer silty clay loam from 22 to 11 per 
cent by compaction significantly reduced corn grain yields, but 
similar changes in Thorp silt loam had no effect on yields. 
Flocker et al. (1959) found that air porosities greater than 20 
per cent, and sometimes greater than 30 per cent, were needed 
for optimum establishment and growth of tomatoes in potted soils. 
Soil compaction thus may have a marked effect on aeration 
by reducing the large soil pores through which rapid transmission 
of water and gases takes place. Baver (1956) used several dif­
ferent textured soils to show the effect of compaction on the 
decrease in non-capillary porosity. The non-capillary porosity 
of Cecil clay, which had been compressed so that there was 13 
per cent more soil per unit volume, was decreased from an initial 
value of 13.5 to 5.5 per cent. Upon similar compression the non-
capillary porosity of granular Davidson clay was diminished from 
8.0 to 6.0 per cent, and the non-capillary porosity of Chenango 
loam was lowered from 11.0 to 6.0 per cent. Taylor (1949) has 
shown that oxygen diffusion is strongly influenced by degree of- . 
compaction and attributes the reduced diffusion to the reduction 
of total air-filled pore space. Under high levels of compaction. 
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drainage is restricted, and gas diffusion rate is drastically 
reduced (Rosenberg and Willits, 1962). 
A soil with a low non-capillary porosity will have restricted 
aeration due to a minimum of macropores through which water can 
move rapidly. However, plants vary in their ability to withstand 
saturated or poorly aerated conditions. Rice grows in standing 
water and other plants, such as tobacco, are highly sensitive to 
lack of adequate aeration. 
Any operation to the soil which tends to alter aggregation 
will influence the exchange of atmospheric oxygen and soil carbon 
dioxide. Where synthetic conditioners have aggregated the soil, 
improved root development has followed (Hely et al., 1954). Scott 
and Erickson (1964) added calcium peroxide as a source of oxygen 
in a dense subsurface layer to overcome oxygen deficiencies by 
plants. Monselise and Hagin (1955) reported that after 2 weeks 
of growth in coarse-, medium-, and fine-aggregated soils, the 
rooting of carnation cuttings had progressed farthest in coarse-
aggregated soil. 
Under field conditions oxygen diffusion into the soil is 
usually restricted by the water level of the soil rather than by 
low total porosities. A higher concentration of oxygen is neces­
sary at low water suctions in order to satisfy the respirational 
demands of the plant (Danielson and Russell, 1957). Gingrich and 
Russell (1956) found that the growth responses to oxygen depended 
upon the water suction of the soil in which growth took place. 
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Under conditions of low water stress the oxygen concentration of 
the root atmosphere needed to exceed 10.5 per cent for maximum 
growth. Furr and Aldrich (1943) working with a very fine sandy 
loam found that following an irrigation, the soil water suction 
dropped to about 0.015 bar in the 15-cm depth and remained low 
for several days. In this same period of time, the oxygen content 
of the soil air dropped from about 20 to 5 per cent. However, 
for this particular soil the oxygen concentration increased 
rapidly as the water suction reached about 0.1 bar. This reduc­
tion in oxygen would be even greater and more prolonged in finer-
textured soils. 
Thus it is easy to see the difficulty encountered in 
evaluating root growth responses to various water levels in the 
field without also having growth affected by an inadequate supply 
of oxygen. Inadequate soil aeration decreases the intake of 
water by plants directly through its effect on absorption and 
indirectly by reducing root growth. Whitney (1942) reported that 
oxygen deficiency resulted in a marked reduction in water absorp­
tion by tomato, tobacco, sunflower, coleus, cotton, and corn 
plants as compared with plants whose roots were aerated with 
atmospheric air. Root respiration is dependent upon the amount 
of oxygen available, and respiration is in turn associated with 
the absorption of mineral nutrient elements by plants. Danielson 
and Russell (1957) noted that raising the oxygen supply results 
in a continued increase in ion uptake by the roots to an oxygen 
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percentage of 8 to 10. Not only is it difficult to separate the 
effects of water or aeration upon root development, but also a 
third factor, mechanical impedance, further complicates the 
analysis. 
Mechanical Impedance 
Barley and Greacen (1967) define mechanical resistance as 
the reaction of the soil to forces exerted by the growing plant. 
Root proliferation ceases if the resistance of the soil is 
greater than the force exerted by the root. Mechanical resistance 
should be considered as a factor influencing root growth under 
widespread conditions, rather than as a factor that is important 
only in unusually strong soils or compact layers. Although soil 
aeration of compact zones improves with decreasing soil water, 
the mechanical resistance to root penetration increases. 
The effects of mechanical impedance upon root penetration 
have been discussed in detail by Lutz (1952). In most cases 
cited bulk density is used as the parameter indicating mechanical 
resistance of the soil to the growing root. Sufficient literature 
is available to show that bulk density, itself, is not a good 
parameter to correlate with root penetration (Taylor and Gardner, 
1963), therefore this review will not concern itself with density-
mechanical impedance relationships as reported by Lutz (1952) or 
in a later review of plant response to soil compaction by 
Rosenberg (1964). Many of the experiments described by Rosenberg 
22 
are used to demonstrate empirical relations between bulk density 
and growth and do not deal with explanations as to why growth is 
affected. On the other hand, Barley and Greacen (1967) present 
a thorough review of the effect of mechanical resistance on plant 
root growth/ including both theoretical and experimental 
considerations. 
Interactions with mechanical impedance 
Before dealing with mechanical resistance as a complex 
variable influencing root development, a few examples of the 
interrelationships of aeration, water stress, and mechanical 
impedance are presented. At any one time one or more of these 
factors may become critical for plant growth. Which of the 
factors actually does become critical will depend upon the cir­
cumstances, or in fact, the effect of each may be additive. One 
of the difficulties in evaluating the mechanical resistance 
factor is that root and top growth are all affected similarly 
by mechanical resistance, excess water, and poor aeration. More­
over, a change in the void-solid relations in a soil may influence 
all three factors. With present methods it is usually impossible 
to ascertain the relative significance of each of these variables 
on root growth. 
A pronounced interaction of mechanical impedance and aer­
ation has been observed on the root growth of corn seedlings 
(Gill and Miller, 1956) . Corn seedlings were grown in a glass 
bead matrix in which mechanical impedance was controlled by 
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means of a thin rubber diaphragm forced against the glass bead 
surface by gas under controlled pressure. Corn seedling root 
elongation ceased at restraining pressures of about 1.52, 3.79, 
and 4.83 bar when ambient oxygen levels were 1, 5, and 20 per 
cent, respectively. The rate of growth fell to zero at relatively 
low levels of impedance if the oxygen content was low. 
Barley (1962) showed that the combined effect of oxygen 
shortage and mechanical stress was more adverse than the effects 
produced by these factors acting singly. Neither a small increase 
in confining pressure of 0.0 to 0.5 bar nor a reduction in oxygen 
concentration in the range of 20 to 5 per cent reduced the dry 
weight of roots when acting singly, but, when the variables acted 
together, their combined action halved the dry weight. 
Similar results have been observed for cotton radicles 
growing in a sandy clay loam soil at different levels of com­
paction and oxygen (Tackett and Pearson, 1964) . The minimum 
oxygen level that could be approached before reducing root length 
depended upon the bulk density of the soil. At a subsoil density 
of 1.3 g cm~^, it was necessary to reduce the oxygen level to 
approximately 5 per cent before a decrease in root length oc­
curred; at a density of 1.5 g cm"^ reduction in root length 
occurred when the oxygen level was decreased below 10 per cent. 
As subsoil density increased, however, mechanical impedance 
became the dominant factor limiting root growth at all levels of 
oxygen. Thus, it appears that under conditions of low mechanical 
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impedance, roots are more sensitive to restricted aeration than 
at higher levels of impedance. 
Farrell and Greacen (1966) provide a clear illustration of 
the extreme dependence of the point resistance offered to a probe 
on water suction. The strength of unsaturated soils can change 
considerably even when there is slight change in the water con­
tent. Thus the resistance the soil offers to the growing root 
increases as the water content decreases. On the other hand, 
Gardner and Danielson (1964) show that the penetrating ability 
of plant roots is indeed reduced for physiological reasons when 
the water suction increases. They proposed that the decreased 
ability of the plant root under water stress to penetrate a 
resistant zone is mainly caused by decreased rigidity of the 
roots which results from a lower turgor pressure within the 
cells. Therefore, whether the reduced turgor pressure of the 
root cells or the increased mechanical resistance because of in­
creased water suction, or a combination of both, causes the 
reduced root elongation is not actually known. 
In many investigations definite conclusions are drawn from 
attempts to evaluate a certain variable which influences the 
ability of the root to ramify after ignoring the confounded 
actions of the other variables. De Roo (1966) appears to have 
designed an experiment in which aeration-mechanical impedance 
relations were not confounded. Roots, trained through plastic 
tubes, were introduced through the upper soil and through the 
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plow-pan of Merrimac sandy loam into the soil beneath to evalu­
ate whether inadequate aeration or mechanical impedance excluded 
roots from the sandy loam soil beneath the plow-pan. The plow-
pan of Merrimac sandy loam had a bulk density of 1.6 to 1.7 g 
cm~^ and was practically impenetrable to roots. The tomato 
plants elongated as rapidly, flowered as soon, and weighed as 
much when their roots were grown in soil beneath the plow-pan 
as when their roots were grown in soil above the pan. Therefore, 
De Roo concluded that the plow-pan was not a significant barrier 
to air transmission, and thus restriction of the roots by the 
plow-pan was caused by the mechanical impedance and not by lack 
of oxygen. 
Type of deformation produced by plant 
Many researchers have cited data by Pfeffer (1893) con­
cerning the very high pressures which can be exerted by the root 
tip. These early investigations have been extended by Gill and 
Miller (1956) and Barley (1962). 
Estimates of the mechanical resistance to root extension 
must be based on knowledge of the type of deformation produced 
by the plant root. Barley and Greacen (1967) describe three 
types of failure in soils imposed by plant oi^ans; failure under 
tensile stresses, failure under shearing stresses without com­
pression of the soil, and failure under shearing stresses with 
compression of the soil. The failure or rupturing of soils may 
involve either general or local failure. According to Barley 
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and Greacen, "when a failure is general, by definition, it spreads 
to a soil boundary; in local failure the tension cracks do not 
extend to the boundary but are accommodated by compression of thé 
soil." Since the investigations of this study involve only shear 
failure with compression, the other two types of failure are not 
discussed. 
In water unsaturated compressible soil much of the volume 
increase of the growing plant root may be accommodated by com­
pression. Thus local failure may occur in that the zone of shear 
failure in which the stresses are in plastic equilibrium may not 
spread to a soil boundary. Examples of local shear failure with 
compression caused by growing roots have been given by Barley 
(1954, 1963). As will be discussed later, the growing root may 
deform unsaturated soil by compacting the soil surrounding the 
root. Both shear and compression are involved. 
An analysis of the resistance offered to probes in compres­
sible soils has been made by Farrell and Greacen (1966). There 
are some obvious objections to the use of rigid penetrometers to 
simulate flexible plant roots, but a study of probe penetration 
gives a good indication of the relation of the various parameters 
of soil strength to root growth (Farrell and Greacen, 1966; 
Barley and Greacen, 1967). A complete analysis of the theory 
proposed by Farrell and Greacen (1966) and its applicability to 
the resistance of the soil matrix upon the plant root is pre­
sented in Appendix A. 
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Deformability of the soil 
The proliferation of plant roots in soils depends upon 
whether the soil behaves as a material having a rigid matrix or 
as a material having a deformable matrix. 
Root growth does not seem to occur in cemented soils having 
a rigid skeleton unless wide pores are present. Wiersum (1957) 
found, for example, that roots could not grow through the pores 
in sintered glass discs when the pores had a diameter much 
smaller than the young root tip. He indicated that the plas­
ticity of a young root tip does not enable the root to pass 
through a narrow pore by means of a short constricted zone. For 
example, the relatively small roots (125-210 y) of rose moss 
(Portulaca grandiflora) grew through each of the three discs of 
diameter ranges 500-200 y, 205-150 y, and 150-90 y; whereas the 
large roots of sweetpea (Lathyrus odoratus) having root tips of 
610-715 y diameter grew only through the discs in which the 
diameter of the pores ranged from 500-200 y. The roots of oats 
(Avena sativa) having tips of 150-380 u diameter also were found 
only in the discs containing the large pores. 
The applicability of Wiersum's experiment on the influence 
of pore size and root diameter on root penetration holds only if 
there is a complete rigidity and fixation of the solid particles. 
In field soils hardpans are sometimes found that behave essen­
tially as materials having a rigid matrix (Lutz, 1952). Never­
theless, roots are often found in soil layers which, because of 
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their particle size and lack of sufficient aggregation, have 
pore sizes below the limit of root diameter. In the latter case 
the roots forced their way through by deforming the surrounding 
soil. Local compaction of sandy loams adjacent to root channels 
caused by displacement and rotation of the grains was first 
measured with optical methods by Barley (1954). Greacen et al. 
(1968) measured the density distribution of soil around a pea 
root by X-ray techniques and showed that increased densities 
occur near the face of the root. Gill and Miller (1956) also 
demonstrated that roots can grow by pushing aside the obstructing 
particles. When considering the stresses involved between root 
and soil, a minute displacement of a single particle at the 
midpoint of a layer of soil requires that a considerable area of 
the soil surface be displaced. Thus, if movement is to occur, 
the force on the soil surface over a considerable area must be 
overbalanced by the force acting on the single grain. 
Various pore sizes in a rigid skeleton were created by 
Wiersum (1957) by inserting different sand fractions within glass 
tubes of different diameters. Wiersum found that the roots were 
able to penetrate to greater depths in the wider tubes. In the 
case of oats (Avena sativa), the depth of root penetration 
increased from 2 mm to 46 mm as the diameter of the tube in­
creased from 5 mm to 20 mm. Wiersum concluded that in the nar­
rower tubes the restricted mobility of the sand particles does 
not allow the roots to force the sand aside and widen the pores. 
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Thus in evaluating root penetration, not only pore size but 
the particular deformation properties of the mass must be con­
sidered. As long as a root can displace soil particles, it is 
able to force a passage even if the original pores are less 
than the root size. Although roots may grow mainly through 
existing voids in openly structured soils and may, in dense 
compacted soils, grow through cracks, cleavages, worm holes, or 
holes left by decomposed roots, the rigidity of the soil struc­
ture still is an important factor governing mechanical resistance 
to root penetration. 
The rigidity of the pore structure will be regulated by 
several factors, one of which is the depth at which the layer 
is located in the soil. The experimental analyses and results 
of this thesis will concern itself further with this particular 
factor. Another factor affecting the deformation properties of 
soil is the water content of the layer in question. Much ex­
perimental evidence has indicated that the degree of penetration 
of roots increases as the water content is increased (Taylor 
and Gardner, 1963) . 
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CHAPTER III: SOIL PROPERTIES 
The contents of this chapter deal with physical properties 
of the soil material used in this study and with the preparation 
of both small and large cores used in the triaxial compression 
and the penetrometer experiments. 
Physical Properties 
The soil material used is topsoil of the Dickinson series 
obtained about three miles southeast of Ames, Iowa, in Section 
18, T83N, R23W of the 5th Principal Meridian. 
The particle size distribution of the soil material as 
determined by the pippette method described by Day (1965) is as 
follows: 
sand (2.0-0.05 mm) 50.6% 
coarse silt (0.05-0.02 mm) 19.5% 
fine silt (0.02-0.002 mm) 13.5% 
clay (<0.002 mm) 16.4% 
By use of the USDA textural classification, the soil material 
is classified as a loam. 
The particle density was estimated by the pycnometer method 
described by Blake (1965). The mean of four determinations was 
2.622 g cm 
The pressure plate apparatus described by Richards (1943) 
was used for determining the water retention characteristics of 
the soil material at suctions between 0.10 and 1.0 bar. For 
determining water retention at suctions between 2 and 15 bars, 
the pressure membrane apparatus of Richards and Wadleigh (1952) 
was used. Copper cylinders in which the inside diameter was 
equal to the outside diameter (3.77 cm) of the soil cores were 
used as supports for the cylindrical soil samples used in the 
determinations. Remoulded soil cores, approximately 7.76 cm in 
length and 3.76 cm in diameter, were cut into halves and trimmed 
to a core length of about 2.5 cm. The samples contained in 
copper rings were placed on the pressure plates or pressure 
membranes and allowed to saturate for 48 hours from a 2.5 cm 
layer of water. (A discussion of the preparation of the soil 
cores will follow in the next section). Seven replicates of each 
of three densities, 1.45 g cm ^, 1.55 g cm ^, and 1.63 g cm ^, 
were used for each specific suction value. Two replications of 
each suction level were made. Two weeks were allowed for the 
cores to equilibrate with the suctions between 0.10 and 1.0 bar, 
and 4 weeks, for the suctions above 2.0 bar. The results are 
expressed in Figure 3.1 as percentage water on a dry weight 
basis. The curve for the 1.55 g cm"^ density cores was not in­
cluded since the percentage water values at each suction exist 
between the 1.45 and 1.63 g cm ^ density curves. 
Core Preparation 
Air-dried soil from the field was crushed and passed through 
a 2 mm sieve. Fractions of the sieved soil were then wetted 
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Figure 3.1. The relationship between gravimetric per cent water and soil water 
suction for bulk densities of 1.45 g cm~3 and 1.63 g cm~3. 
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with an atomizer to a water content by weight of approximately 
19 per cent. The required amount of wet soil to produce a 
specimen of desired density when compressed to a known volume 
was calculated. This amount of moist soil was then poured into 
a copper cylinder 3.76 cm in diameter. A hydraulic jack was 
used to compress the moist soil into cylindrical cores approxi­
mately 7.76 cm in length by applying a force to cylindrical rams 
placed in the ends af the cylinder. Soil cores having a total 
bulk density of 1.45 g cm"^, 1.55 g cm~^, and 1.63 g cm~^ were 
formed by this procedure. 
After removal from the cylinder, the cores were placed in 
Plexiglass cylinders having inside dimensions similar to the core 
sizes. The cores then were placed on porous ceramic plates and 
allowed to wet under a 0.5 cm head of water for 48 hours. The 
porous plates containing the cores were placed in chambers and 
a pressure of 1/3 bar was applied for 14 days. After removal 
from the pressure plate apparatus, the cores were stored in 
plastic bags in a dark, cool place for 7 days to remove any 
slight suction gradients produced by the moisture extraction 
process. Twenty-two cores could be placed on a ceramic plate 
at one time. 
Not only were cores formed having a diameter of approxi­
mately 3.76 cm, but larger cores of a 7.76 cm diameter were 
formed with a larger cylinder-plunger arrangement for use in the 
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penetrometer experiments only. The small cores, having a ratio 
of length to diameter of about 2:1, were used in both penetrometer 
and triaxial compression studies which are described later. In 
the triaxial compression tests 2:1 ratio of length to diameter 
is necessary to overcome restraint furnished by sample caps 
causing dead zones at the top and bottom in which practically no 
strains occur. In the large cores the 2:1 ratio was not main­
tained since their use was only for penetrometer measurements. 
Due to changes in core volume upon removal from the copper 
cylinder and during the process of wetting and drying, measure­
ments were necessary to determine the final length and diameter 
of soil cores of each density group. A vernier caliper, grad­
uated to read to the nearest 0.002 cm, was used to measure these 
dimensions. An estimate of length and diameter is needed for 
calculations to be presented later involving stress and strains 
and density determinations using gamma-ray attenuation. 
Initial void ratio 
In certain cases it is desirable to express the state of 
compaction of a soil in terms of the void ratio rather than bulk 
density. Knowing the bulk density and the particle density of 
a soil, the void ratio can be calculated. 
• The volume of solids in a mass of soil is denoted as Vs, 
the volume of the water Vw, and the volume of the air Va. The 
volume of the mass of soil, including air, water, and solids is 
V. The space between the solid particles that is occupied by 
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air and water is called the voids and its volume is denoted as 
Vv. The ratio of the volume of voids to the volume of solids is 
expressed by the void ratio, e; 
The volume of solids is the product of the volume of the mass 
of soil and the percentage solid space: 
( aSw ) X 1.0 X V 
Since the percentage pore space added to the percentage solid 
space totals 100, the volume of voids is expressed as: 
- pargiclf & ) X 1°° V 
Therefore, the void ratio expressed in terms of the specific 
mass gravity (or bulk density), p^, and the absolute density 
(or specific gravity of the grains), Yg/ is given as; 
Yg 
e = ^  - 1 (3.1) 
^s 
The initial void ratios of the cylindrical cores of densities 
1.45 g cm ^, 1.55 g cm and 1.63 g cm ^ were calculated to be 
.798, .691, and .612, respectively. 
Density determinations 
To check the uniformity of density of the prepared soil 
cores, a gamma ray apparatus was used. The gamma ray absorption 
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apparatus consisted of a 251 millicurie (mc) Cesium source, 
a detecting and analyzing system, and a vertical moving mech­
anism for positioning the source and detector with respect to 
the soil sample. The arrangement of the source and probe and 
the lifting device is discussed by Kirkham, et (1967) . 
The detector consists of a thallium-activated sodium iodide 
crystal 2.5 cm in diameter and 2.5 cm thick, a high grain photo-
multiplier tube with magnetic shield, and a preamplifier. Nega­
tive output pulses from the detector are amplified by the linear 
amplifier section of the analyzer, which is set to accept all 
pulses above 0.530 Mev. The pulses then are recorded on a 
scaler. A resolving time of 5 microseconds was used to correct 
the observed counts. 
For a collimated beam of monoenergetic gamma rays with a 
fixed source-detector distance, the intensities at various points 
in the absorbing medium can be calculated. If is the intensity 
at the incident surface of the stopping material, I the intensity 
after passing through a sample of thickness x (cm), u the mass 
absorption coefficient (cm^ x gm""^) of the absorber for the 
quantum energy of the radiation, and p the density of the mate­
rial (gm X cm ^), the intensity is given by 
I = Ig exp (-upx) (3.2) 
To find the bulk density of the soil cores from gamma ray 
attenuation, values for the mass absorption coefficients of 
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water, and soil, y^, must be determined. 
The attenuation of the radiation by a Plexiglas cylinder 
placed in a gamma beam is described by 
Ipl = Iq (-U^x)pl (3.3) 
where is the intensity through the empty Plexiglas cylinder, 
is the intensity through air, is the mass absorption 
coefficient, is the density, and x^^^ is the thickness of 
Plexiglas. If the intensity is beyond the capacity of the 
scaler, an indirect method (Kirkham, et , 1967) of obtaining 
I can be used. 
o 
The intensity of gamma rays through a standard lead disc 
placed in the gamma beam is given by 
I* = exp (-upx)*b (3.4) 
where I* is the intensity through a standard lead disc and Ppj^/ 
Ppj^, and Xpj^ are the absorption coefficient, density, and thick­
ness, respectively, of lead. Therefore, 
= I* exp (ypx)*jj (3.5) 
Equation 3.5 is then substituted into 3.3 to obtain 
Ipl = I* exp [(ypx)*jj - (upx)pj^l (3.6) 
for the intensity through the empty Plexiglas cylinder. Counts 
were made by placing the Plexiglas cylinder in position between 
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the source and the collimator. Ten 1-minute counts were aver­
aged for each of ten locations on the cross section of a hori­
zontal Plexiglas cylinder having its ends sealed with Plexiglas 
discs. 
Into the Plexiglas cylinder was packed a known amount of 
oven-dry soil. From the weight of the soil sample and the volume 
of the cylindrical sample holder, the bulk density was determined 
for the oven-dry soil. A series of gamma ray counts were taken 
at each of the ten positions which were subsequently used for the 
determination of the mass absorption coefficient for soil. 
The intensity through the dry soil encased in the Plexiglas 
container is given by 
^ds ^ [(ypx)|b - (Wpx)pi - (Upx)^g] (3.7) 
where is the intensity through dry soil and U^g/ P^gf and 
x^g are the mass absorption coefficient, bulk density, and thick­
ness, respectively, of the dry soil. By dividing Equation 3.7 
by 3.6 and simplifying, the mass absorption coefficient of the 
soil, Pg, in the Plexiglas cylinder is 
• 4%  ^
The determination of Pg, the mass absorption coefficient of 
the soil material, is difficult to obtain because of the problem 
of uniformly packing the soil into containers. The procedure 
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for obtaining was to pack different amounts of oven-dried 
soil into the 10.38 cm long Plexiglas cylinder. Ten 1-minute 
measurements of gamma ray intensity were taken at ten locations 
and the average of these intensities related to the bulk density 
obtained by gravimetric measurements of the soil. The plotting 
of this data in the form of Equation 3.8 in Figure 3.2, shows 
the measured mass absorption coefficient of the soil material to 
be 0.07909 cm^ g"^. 
The value of the gamma absorption coefficient for water 
in cm gm~ , is obtained in the same manner as y^, using water 
in place of the oven-dry soil and computing the value with 
Equation 3.9. 
>. • 
Ten 1-minute counts were averaged for each of five locations 
on the cross section of a horizontal Plexiglas cylinder filled 
with water and having its ends sealed with Plexiglas discs. The 
mass absorption coefficient of water was then calculated using 
2 -1 Equation 3.9. The estimate of y^, 0.08547 cm g , was calcu­
lated as the mean of six values of y^ determined from separate 
experiments, whereas the estimate of y^ was determined by the 
linear regression model 
The values of the mass absorption coefficients for water 
and soil were used in computing the density gradients developed 
in the soil cores. Since in forming the soil into cores there 
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Figure 3.2. Relative radiation intensity plotted against soil 
bulk density for the determination of the mass 
absorption coefficient. The slope is the product 
of the mass absorption coefficient for Dickinson 
loam (0.07909 cm^ g-1) and cylinder length 
(10.38 cm). 
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are inevitable variations in bulk density, it is desirable to 
know the density at several locations in the moist sample. 
The intensity through moist soil is 
IJJJG = I* exp [(upx)*J^ - (ppx)PI - (ypx)^G - (ypx)^] (3.10) 
where is the intensity through moist soil, is the absorp­
tion coefficient of the water, is the density of water, and 
X is the thickness of water in the soil. 
w 
Since difficulties arise in determining the thickness of 
water, x^, in soil, x^ is expressed in measurable parameters. 
If 0 is the water content of the soil on a weight basis 
GpgX. 
-w p. 
X , = —L-S (3.11) 
w 
By dividing Equation 3.6 by Equation 3.10 and substituting 
Equation 3.11 for x^ and simplifying, the density of soil, p^, 
is given by 
y„e) 1" ".12) 
Gamma ray counts were made on compressed cores of overall 
densities 1.45 g cm ^, 1.55 g cm ^, and 1.63 g cm as measured 
from gravimetric determinations. The soil cores were stored in 
plastic bags for one month before taking the measurements to 
allow for equilibration of the water throughout the core. The 
cores encased in a Plexiglas cylinder were placed on a stationary 
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horizontal stand between the source holder and the detector, 
and by moving the gamma beam vertically, counts were made at one 
cm increments down the soil core. Since the sample was assumed 
to have a uniform water content. Equation 3.12 was used to 
determine the bulk density at each of the positions where gamma 
ray measurements were taken. 
Figures 3.3 and 3.4 illustrate the density gradients that 
exist in each of the three density cores. Gradients for both 
the small and the large cores are given. The data indicates the 
difficulty of forming cores of uniform density. In the small 
cores, which are to be used in the triaxial compression tests, 
the gradient decreases with increasing density. The density 
gradients seem to be typical of those measured by other re­
searchers (Parrell and Greacen, 1966; Shuman, 1966). As would 
be expected, gradients are quite small for the larger diameter 
cores. 
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CHAPTER IV: PREDICTION OF RESISTANCE TO PENETRATION 
OF FINE PROBES IN COMPRESSIBLE SOIL 
This chapter deals with the calculation of the predicted 
effect of dead weight (overburden pressure) of soil on its 
resistance to local deformation as measured by a penetrometer. 
Farrell and Greacen (1966) and Greacen, Farrell, and Cockroft 
(1968) showed that the point resistance of a penetrometer could 
be predicted from the compressibility and strength characteristics 
of the soil. 
In the original paper proposing a theory to predict the 
resistances of probes (Farrell and Greacen, 1966) , the analysis 
is based on the model of the spherical expansion of a cavity at 
the base of the probe for an infinite system. The predicted 
values were compared with experimental values for a core:probe 
diameter ratio of about 25:1. If the core:probe ratio becomes 
less than approximately 20:1, the model for an infinite system 
no longer is true. Greacen, Farrell, and Cockroft (1968) extend 
the original theory to deal with a finite system, using both 
spherical and cylindrical models. The model of cylindrical 
expansion was more appropriate in the case of a sharp probe (cone 
angle of 10°), whereas the model of an expanding spherical cavity 
was more applicable to the type probe used in the following 
experiments (cone angle of 60°). The analysis for the finite 
system differs from the infinite system in the treatment of 
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compression in the elastic zone and in the alterations of the 
boundary conditions. 
The theory used in this thesis is based on the model of an 
expanding sphere at the point of the probe in a plastic-elastic 
medium under an external uniform pressure. The resistance to' 
penetration for the probe point is calculated from the pressure 
required to form, by radial compression of the soil, a spherical 
cavity large enough to accommodate the probe point, making allow­
ance for the fractional resistance developed on the surface of 
the probe point. Compression of the soil to accommodate the 
volume of the probe is assumed to occur in two main zones, a 
zone of compression with plastic failure surrounding the probe 
and, outside this, a zone of elastic compression. In the plastic 
zone there are three distinct subzones of compression (Figure 1, 
Appendix A): i) where the soil is compressed to the minimum 
void ratio e^^^; ii) where the soil undergoing failure behaves 
as a material being compressed for the first time; and iii) a 
rebound zone where the soil behaves as an overconsolidated 
material. 
In Appendix A the theory is presented in its entirety so 
that it is readily accessible to the reader. The analysis has 
been extended further by Farrell* (Appendix B) to include the 
estimated effect of soil overburden pressure upon the point 
resistance of a probe. 
* 
Farrell, D. A., Ames, Iowa. Overburden pressure analysis. 
Private communication. 1967. 
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The theoretical value of the point resistance, q, is thus 
calculated from the compressibility and strength characteristics 
of the soil as measured on a triaxial compression machine. The 
next several sections deal with test procedures for the measure­
ment of soil mechanical properties, cohesion, angle of internal 
friction. Young's modulus, earth pressure at rest, and the voids 
ratio at failure and rebound lines (Appendix A). 
The point resistance is predicted for cores of three bulk 
densities, 1.45, 1.55, and 1.63 g cm and a constant suction, 
0.3 bar. 
The Triaxial Compression Test 
A brief description of the theoretical basis for the tri­
axial shear test is presented here to provide the background 
information necessary for an understanding of the parameters to 
be determined. 
A stress is defined as a force per unit of area. A stress 
applied to a plane surface of a solid may be resolved into two 
components: one perpendicular (normal) to the plane known as 
the normal stress, a (sigma), and one acting in the surface of 
the plane known as the shear stress, T (tau). When the stress 
acting on a plane consists only of a normal component and T = 0, 
that normal stress is termed a principal stress. 
Through any point within a volume of soil under stress, 
there are three orthogonal planes (the principal planes) which 
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are subjected only to normal stresses, with no shearing stresses 
acting in the planes. There are, therefore, three independent, 
perpendicular, principal stresses acting on three perpendicular, 
principal planes. The largest of the three principal stresses 
is known as the major principal stress and is denoted by 
The smallest is known as the minor principal stress, a^, and 
the third is called the intermediate principal stress, cfg. In 
the ordinary compression test, the compressive stress applied 
to the top and bottom faces of a cylindrical specimen is a^, 
and the lateral stress is equal from all sides, Og ~ ^ ^3* 
All details that pertain to stress at a point in a mass 
may be represented graphically by a plot known as the Mohr 
diagram. From the diagram the angle of internal friction and 
cohesion are determined for a particular material. 
If a plot is made with normal stresses used as abscissas 
and shearing stresses as ordinates, and if points are plotted 
to represent stress conditions on any plane perpendicular to 
the intermediate principal plane within a stressed soil mass, it 
is found that the locus of these points is a circle. This 
circle, called the Mohr circle, has its center on the a axis and 
cuts it at abscissas of and since the shear stresses on 
the principal planes are zero. Its diameter is the difference 
between the two principal stresses; this difference is termed 
the deviator stress. 
49 
In practice, a series of similar specimens is subjected to 
different stresses and brought to failure. The various Mohr 
stress circles are plotted for the limiting states of stress, 
and the unique failure stress on the failure plane for each test 
is taken as the point of common tangency between a smooth curve 
and the various circles. Thus any Mohr circle within the Mohr 
envelope represents a stable condition, whereas any circle 
tangent to the envelope represents a condition wherein failure 
threatens on the plane represented by the point of tangency. 
Thus according to Mohr theory, a material fails along the 
plane and at the time at which a certain optimum combination of 
normal stress and shearing stress occurs within a stressed body. 
The shear strength, t^, along any plane is therefore a function 
of the effective normal stress a* on that plane. The Coulomb 
equation, = c' + a' tan (j)', represents a special case of the 
Mohr theory of strength in which the Mohr envelope is a straight 
line inclined to the normal axis at an angle (j) '. In the above 
equation c' denotes the apparent cohesion and (j)' denotes the 
angle of shearing resistance, both in terms of effective stress, 
and a' denotes the effective normal stress. 
The calculation and interpretation of the shear strength by 
use of the Mohr theory requires an understanding of the modified 
effective stress equation. For soils with a single fluid, either 
air or water, in the pore space, the effective normal stress or 
the intergranular stress, a', is taken as the difference between 
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the total normal stress, a^, and the neutral stress or pore 
pressure, u, i.e.: 
a' = - u (4.1) 
Bishop and Henkel (1962) state that under such conditions the 
equation is true to a high degree of accuracy. Thus in a drained 
test on a saturated soil, all applied stresses are also effective 
stresses, and the Mohr circles of effective stresses can be 
plotted at all time during testing from the measured total 
stresses. 
When a drained test is carried out on an incompletely 
saturated soil, the internal menisci of the pore water cause 
excess stresses in the pore water in spite of the external 
drainage conditions. Consequently, the effective stresses can­
not be derived from the applied pressures, and a complete analysis 
requires the measurement of pore pressures in both gaseous and 
fluid phases. An expression by Bishop (Bishop and Henkel, 1962) 
relates the effective stress to the pressure in the air phase, 
u^, and the pressure in the pore water, u^: 
0' = 0 - u^ + X CUa - u#) (4.2) 
The value of the parameter % is unity for saturated soils, 
thereby causing the equation to be identical to Equation 4.1, 
and is zero for dry soils. Intermediate values are dependent 
51 
upon degree of saturation, soil type, the cycle of wetting or 
drying, and stress changes. 
Because the stress-strain relationships can vary greatly 
with the drainage conditions imposed in the laboratory, it is 
important to choose conditions that most nearly represent those 
that exist or will exist in the field. Depending upon the pur­
pose for which the test is intended, either a consolidated-
undrained, an unconsolidated-undrained, or drained test can be 
performed. 
In the consolidated-undrained test, drainage is permitted 
during the application of the all-round stress, so that the 
sample is fully consolidated under this pressure. No drainage 
is allowed during the application of the deviator stress. In 
this case, the pore water pressure is zero when shearing action 
starts, but owing to volume changes that occur during shear, 
pore pressures exist at failure. On partly saturated soils, the 
deviator stress at failure is found to increase with cell pres­
sure. This increase becomes progressively smaller as the air 
in the voids is compressed and passes into solution. Upon full 
saturation the deviator stress is independent of the cell 
pressure. 
In the unconsolidated-undrained test, no drainage is allowed 
both during the application of the all-round stress and during 
the application of the deviator stress. 
In the drained test, drainage is permitted throughout the 
test, so that full consolidation occurs under the all-round stress 
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and no excess pore pressure is set up during the application of 
the deviator stress. This latter test is used in this study to 
determine the mechanical behavior of the soil because this test 
seems to relate to field conditions of plant roots growing in 
unsaturated soils. 
The Consolidated-Drained Test 
To obtain Mohr's envelope, consolidated-drained tests were 
performed on specimens of similar soil cores utilizing different 
values of cell pressures . 
The triaxial testing machine is a Karol-Warner, Model 530, 
with a variable speed drive. Model DV3, which provides strain 
rates between absolute zero and 1.5 cm per minute. Modifications 
were made in the means by which both stress and strain were 
obtained. Instead of dial gauges, Sanborn linearsyn differential 
transformers were connected to a Sanborn dual channel carrier-
amplifier recorder. Model 321, for the purpose of measuring and 
recording stress and strain. Axial stress is measured with a 
proving ring equipped with the linear displacement transducer 
on the load ram and letting the core bear on top of the chamber. 
A convenient characteristic of the Sanborn recorder is a marker 
by which marks can be recorded on the right-hand edge of the 
graph. 
In the consolidated-drained test, the test is conducted in 
two steps; the consolidation of the sample under an equal 
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all-round pressure in the triaxial cell (Figure 4.1), followed 
by the addition of axial stress under conditions of full drainage 
until failure. The rate of loading or deformation should be 
such that the pore pressure in the specimen is maintained at a 
low value at any time during the application of the axial load 
and particularly at failure. Whether the pressure in the air 
phase and in the pore water is sufficiently large to alter the 
stresses in the soil is questionable. However, due to the 
difficulty of its measurement, the pore pressure terms in 
Equation 4.2 are taken to be zero. If the excess pore pressure 
is assumed negligible, the cell pressure and the applied major 
principal stresses are both effective stresses; thus the test 
gives a direct measurement of the effective stress parameters. 
If the shear strength is expressed as a function of the total 
normal stress, the stresses at any time can be represented by 
the relation; 
= c + tan ip (4.3) 
Consolidation 
The diameter and length of the samples prepared as described 
in Chapter II are measured. The sample is then enclosed within 
a rubber membrane by use of a membrane stretcher. This is done 
by lapping the ends of the membrane over the stretcher and 
applying suction to the space between the membrane and the 
stretcher. The sample is easily slid into the membrane. A 
loading cap with porous stone is placed against both the bottom 
Figure 4.1. The triaxial cell for 3.78 cm diameter 
samples. 
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and top of the sample. The suction is released, the membrane 
is unrolled from the ends of the stretcher and bound to the 
sample heads by successive laps of a well-stretched rubber. The 
arrangement is placed in the compression chamber. Connections 
are always (automatically) closed until a jumper is plugged into 
the quick-coupling. Since a drained test is desired, two 
jumpers plugged to each of the sample heads and attached to a 
graduated manometer is used as a device for measuring changes in 
volume. 
The compression chamber is assembled and filled with fluid 
until fluid escapes from the bleed valve. Air pressure is used 
to force fluid into the compression chamber from a storage 
chamber which is used to hold the test chamber fluid while the 
sample is being assembled. Either water, glycerine, or mercury 
are usually used as the fluid. The cell pressure is applied by 
connecting the air line jumper to the port in the cap of the 
storage chamber and opening the air regulator until the desired 
pressure is shown on the gauge. This pressure acts laterally 
on the cylindrical surface of the sample through the rubber 
membrane and vertically through the top and bottom caps. 
The sample is allowed to consolidate fully under each 
successive increment of lateral pressure until the desired • 
ambient pressure is reached. The air which is forced out as 
consolidation takes place escapes through the porous plates 
toward the manometer tube. Thus the movement of the bubble in 
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the manometer tube is a measurement of the volume change of the 
sample as a function of the ambient stress, a^. For each incre­
ment of ambient pressure the volume change at which equilibrium 
is established is recorded. With increasing ambient pressures 
longer periods of time are required before equilibrium in volume 
change is established. Volumetric strain (AV/V) is thus obtained 
as a function of Volume changes which occur in both the 
consolidation and shearing stages are obtained by measuring the 
volume of air flowing from the specimen. 
Compression test 
After the initial consolidation is completed under the. 
desired pressure the ram is brought into contact with the 
loading cap. The proving ring reading is recorded, and the 
strain gauge is set to zero. The additional axial load is ap­
plied by starting the motor. A strain rate of 0.19 cm min ^ is 
used. Readings of proving ring deformation (a measure of stress) 
and strain are recorded continuously, whereas volume changes of — 
3 0.1 cm increments as indicated by the bubble in the manometer 
tube are marked on the graph by the recorder marker. The test 
is continued until the deviator stress remains constant 
or begins to fall, indicating that a maximum has been reached 
on the stress-strain curve. 
Leakage 
In long-duration tests the permeability of the rubber to 
air and/or water is important. This has little influence on 
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the correct measurement of the state of effective stress in the 
sample (Bishop and Henkel, 1962) but results in misleading 
volume change measurements. The raising of the cell pressure 
by a layer of air under pressure acting on the water is not 
suitable for drained tests of long duration or for tests re­
quiring high ambient pressures. The leakage increases is due 
to the greater solubility of air in water and the increased 
permeability of the membrane both to air and water. Two alter­
natives are to use either de-aired water or glycerine as the 
chamber fluid. In the present studies, tests indicate that no 
serious errors are made using water if the ambient pressure is 
below 1.0 bar and if the duration of the test does not exceed 
48 hours. For higher pressures the leakage through the rubber 
sleeves cannot be ignored, as indicated by Figure 4.2. The 
permeability was measured by surrounding a porous ceramic 
cylinder with the membrane to be tested as in the consolidation 
-2  -2  test, applying a lateral pressure of 2109 g cm (30 lbs in ), 
and measuring the flow of air from the core with the change in 
volume measuring device. The four lines in the graph represent 
standard commercial membranes manufactured in the United States 
and one produced in England. No leakage was found using 
glycerine as the chamber fluid under pressures up to 2812 g 
cm~ (40 lbs in" ) for a 48-hour period. Therefore, in the 
tests conducted, glycerine was used only for pressures exceeding 
1.0 bar. The use of mercury as the cell fluid to prevent the 
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Figure 4.2. Leakage of commercial rubber sleeves under 
pressure of 2109 g cm~2. 
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diffusion of air through the rubber membrane in long-term 
undrained tests on partly saturated soils is described by Bishop 
and Donald (1961). 
Calculations 
The axial strain, e, at any time is found to be 
e = ^  (4.4) 
^o 
The deviator stress, p, is equal to the difference between 
the major and minor principal stresses, or 
P = *1 " *3 
and may be computed from 
p = I (4.5) 
where P is the applied force and 
A is the average cross-sectional area of the sample. 
The applied force, P, is determined as follows; 
P = (proving ring deflection x ring calibration 
factor) + weight of loading cap + P^(Ag) -
(Pr + 
where is the friction on the loading ram 
P^ is the cell pressure 
Ag is the cross-sectional area of soil core (equal to the 
cross-sectional area of the loading cap) and 
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Aj, is the cross-sectional area of the loading cap. 
The average cross-sectional area of the specimen, k, is computed 
from 
V - AV 
°  L  -  A L  ( 4 - G )  
o 
where is the initial specimen volume 
AV is the change in volume 
LQ is the initial specimen length and 
AL is change in length. 
Soil Strength Parameters 
The compressibility and strength parameters of Dickinson 
loam required for the analysis of the forces acting on the 
point of a metal probe are experimentally determined by the 
consolidated, drained test. A discussion of each of these soil 
mechanical properties follows. 
Cohesion and angle of internal friction 
The results of the compression tests are presented by 
plotting Mohr stress diagrams for each of the three densities. 
The value of cohesion, c, is read off the shear stress axis 
where it is cut by the tangent to the Mohr circles,.and the 
angle of shearing resistance, is the angle between the 
tangent and a line parallel to the normal stress axis. 
The cohesion and angle of internal friction for the 1.45, 
1.55, and 1.63 g cm"^ density cores are shown in Figure 4.3, 
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Figure 4.3. Mohr envelope for consolidated, drained tests for Dickinson loam at 
1.45 g cm~3 density and 0.3 b suction (cohesion = 160 g cm"2, friction 
angle = 32°). 
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Figure 4.4. Mohr envelope for consolidated, drained tests for Dickinson loam at 
1.55 g cm"3 density and 0.3 b suction (cohesion = 240 g cm~2, friction 
angle = 29°). 
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Figure 4.5. Mohr envelope for consolidated, drained tests for Dickinson loam at 
1.63 g density and 0.3 b suction (cohesion = 360 g cm~2, friction 
angle = 27°). 
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4.4, and 4.5, respectively. Each Mohr circle shown is the mean 
of two or three circles having an equal If the variability 
of for a constant was great enough to allow for a visible 
plot difference, the separate circles were plotted. 
The results of a separate series of tests, using higher 
ambient stresses, are plotted in Figures 4.6, 4.7, and 4.8 for 
the initial bulk densities of 1.45, 1.55, and 1.63 g cm 
Here difficulties arise in the interpretation of the angle of 
internal friction when the stresses at failure are sufficiently 
large to greatly increase the final specimen water content. 
The initial and final water contents on a weight basis of the 
specimens presented in Figures 4.3, 4.4, and 4.5 did not differ. 
As shown in Figures 4.6, 4.7, and 4.8, the value of tp does not 
remain constant over a wide range of stress conditions since 
the envelope to the total stress Mohr circles is not a straight 
line. In the tests illustrated in the latter three graphs, the 
water content did change at the higher ambient stresses. The 
samples became saturated and water was expelled from the 
specimens. 
Earth pressure at rest, 
Many soils are formed from sediments deposited in almost 
horizontal layers of considerable lateral extent. The con­
solidation which takes place due to the weight of overlying 
strata occurs under conditions of approximately zero lateral 
yield. The value of the lateral earth pressure existing in 
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Figure 4.6. Mohr envelope for consolidated, drained tests for Dickinson loam at 
1.45 g cm~3 density and 0.3 b suction. 
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Figure 4.7. Mohr envelope for consolidated, drained tests for Dickinson loam at 
1.55 g cm~3 density and 0.3 b suction. 
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Figure 4.8. Mohr envelope for consolidated, drained tests for Dickinson loam at 
1.60 g cm"3 density and 0.3 b suction. 
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the undeformed mass of natural soil is called the lateral earth 
pressure at rest. The ratio of the lateral to vertical effective 
stresses corresponding to the condition of zero lateral strain 
is termed the coefficient of earth pressure at rest K^. 
o' = 4 (4.7) 
where denotes effective horizontal stress 
denotes effective vertical stress. 
The value of can be estimated directly from laboratory 
tests or may be calculated as a function of other measurable 
parameters. 
An approximate indication of the value of for normally 
consolidated soils may be obtained from the semi-empirical 
expression given by Jaky (1944): 
Kg = 1 - sin (j) (4.8) 
If the granular structure of the soil behaved as an ideal 
elastic material, it can be shown that would be a function 
of Poisson's ratio v. 
The general equation for the lateral unit strain within 
a large elastic body is as follows; 
Eg = 1/E [aJ - v(a^ + Og)] (4.9) 
Within a large mass of soil with a horizontal surface the 
lateral pressures acting at right angles to each other are 
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equal, = a^. Further, in the at rest condition, by definition, 
there are no lateral deformations, that is, = 0. Equation 4.9 
is then simplified to 
Og - va^ - va^ = 0 (4.10) 
from which follows the expression relating the coefficient of 
earth pressure at rest to Poisson's ratio. 
^3 V 
Ko - "âj (4.11) 
In this study triaxial compression tests were carried out 
under conditions of zero lateral strain in order to evaluate 
K^. If tests are conducted on partly saturated specimens and 
at strain rates slow enough to ensure dissipation of the pore 
water pressure u, may be evaluated in terms of total stresses 
since the effective stresses are equal to the total stresses 
in the case of assumed zero pore water pressure. 
In order to maintain the state of stress under zero lateral 
strain, use is made of the fact that the volume of expelled air 
from a cylindrical specimen in axial compression is equal to 
the axial compression multiplied by the initial cross-sectional 
area of the sample, if no lateral yield occurs. The cell pres­
sure is controlled so that the burrette reading maintains the 
calculated relationship with the axial strain. Increments of 
axial stress and cell pressure are adjusted to maintain the 
condition throughout the test. 
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Sample preparation and assembly of the apparatus follow 
the.procedures outlined for the consolidated, drained tests. 
The zeros of volume change, axial strain, and axial load are 
recorded. With the ram just in contact with the specimen, the 
testing machine is started, and and are altered simul­
taneously so that no lateral yield occurs. 
The minor principal stress is plotted against the major 
principal stress in Figure 4.9 for the entire range of 
tested stresses. 
For an ideal elastic material the elastic parameter. 
Poisson's ratio, is a function of K^. Since the best estimate 
for Poisson's ratio would be obtained from the particular 
range of stresses developed in the elastic zone of compression 
surrounding a probe, is not a constant, e.g. 0.50 as in 
Figure 4.9, but varies according to the range of elastic 
stresses encountered. The maximum elastic stress would be at 
the plastic/elastic interface and the minimum elastic stress, 
at the soil/container interface. These two stress values are 
obtained from the theory of Farrell (Appendix A and Appendix 
B) and are dependent upon the boundary conditions of the soil 
mass. 
Although the stress-strain characteristics of soil depart 
from those of an ideal elastic material even at small strains, 
it is found experimentally that is reasonably constant over 
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Figure 4.9. Drained K test on a remoulded sample of Dickinson loam at 0.3 b 
suction. ° 
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a wide range of stress (Bishop and Henkel, 1962; Bishop, Webb, 
and Skinner, 1965). The curvature present at low values (Figure 
4.9) can be expected (see Figure 5, Bishop, et aJL., 1965). 
A more sophisticated triaxial compression apparatus is 
employed by Bishop, et (1965) for the measurement of the 
coefficient of earth pressure at rest. Their apparatus should 
allow for a better estimate of due to the accuracy with which 
the sample diameter is measured. 
The main feature of the cell of Bishop, et is the ad­
dition of an inner Perspex cylinder sealed by a soft rubber 
washer to the cell base by pressure from the upper part of the 
cell as it is screwed down. In the inner cell containing mercury, 
the mercury level is brought above the top of the rubber membrane 
and of the polythene tube connecting the sample cap to the air 
pressure measuring device. Water is admitted until an outer 
cell is full and a layer of castor oil is finally added to mini­
mize leakage past the ram. The condition of compression with 
zero lateral yield is achieved if the level of mercury remains 
constant in the annular space between the "unstressed" inner 
cell and the top cap, which is the same cross-sectional area as 
the sample. Departure from the condition breaks the contact 
between a platinum-iridium needle and the mercury surface and 
operates a servomechanism controlling the axial load. With a 
3.81-cm diameter and 7.62-cra high sample, the change in mercury 
level indicates changes in sample diameter of 5.1 x 10 ^  cm. 
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Poisson's ratio 
As a material is stressed, it will deform both in the 
direction of the stress and at right angles to it. The ratio 
of the strain in a direction normal to an applied stress to the 
strain parallel to the applied stress (for axial loading and 
for stresses at which strain is proportional to the accompanying 
stress) is called Poisson's ratio. Expressed in equation form, 
the relationship becomes 
Poisson's ratio is an inherent property of elastic mate­
rials. Its normal range of values varies from 0.5 for an 
incompressible material, one in which an increase in volume due 
to lateral expansion will be just equal to the decrease in 
volume due to vertical compression, to zero for materials which 
when loaded axially, strain occurs only in the direction of 
the load, e.g. cork. 
Poisson's ratio is not measured in this study owing to the 
small deflections which must be measured before an accurate 
estimate is obtained. The few experimenters who have tried to 
measure this property for soil have obtained widely scattered 
results. Therefore, Poisson's ratio is calculated from Equation 
4.11 as a function of K . 
o 
Young ^ s modulus 
Consider a simple compression test, like the unconfined 
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triaxial compression test. According to Hooke's law, so long 
as a body stays in an elastic state of deformation, the stress 
remains constantly proportional to the strain. The constant 
of proportionality is called the modulus of elasticity and is 
the ratio of the stress to the strain. 
E = a/e (4.13) 
where E is the modulus of elasticity or Young's modulus. 
For simple compression along the X axis; 
s = V® 
Ey = -VE^ (4.14) 
S = -VGx 
where E^ , are principal strains 
x,y, z 
_ are principal stresses 
x,y, z 
E is the modulus of elasticity 
V is Poisson's ratio 
In the case of threë-dimensional elastic strain, the 
equations for the strains, for a cubic element, caused by each 
principal stress are found and upon adding, we obtain the 
general equations for elastic strain; 
'"x - «Oy -
e = 1/E (-V0 + 0 - va ) (4.15) 
y X y z 
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Eg = 1/E (-va^ - VQy + Gg) 
The application of principal stresses will, in general, 
cause a change in volume. Assume a cube of initial dimension 
L on each side. The dimensions of the cube under the action 
o 
of the three principal stresses will be 
Ly = (1 + Ey) (4.16) 
I'z = to (1 + 
The new volume will be 
= (1 + (1 + Sy) (1 + 
3 
After multiplying the above terms and noting that L = V 
o o 
^ '1 + + :y + 
+ s^EyE;,) (4.17) 
In view of the fact that elastic strains are usually in the 
order of 0.001, the product of two strains can generally be 
neglected. The product of three strains is extremely 
small and can always be neglected in practical cases. Equation 
4.17 becomes 
V = (1 + + Ey + Eg) (4.18) 
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The unit change of volume is derived from the above equation: 
9^ = + Gy + (4-19) 
o •' 
Thus the volumetric strain is equal to the sum of the principal 
stresses. 
In the special case of equal triaxial compression, 
= a and = e = e . Equation 4.19 then becomes 
z X y z ^ 
~ = 3e (4.20) 
o 
The value of e may be found from the general strain equations 
(Equation 4.15): 
e = I (l-2v) (4.21) 
This gives the strain (constant in all directions) for an 
element subjected to equal triaxial compression. From Equations 
4.19 and 4.21, 
1^ (1 - 2v) (4.22) 
According to the above principles, the value of the modulus 
of elasticity E can be obtained by measuring the change in vol­
ume, AV, as a function of the chamber pressure, in the 
consolidation step of the consolidated-drained test made in the 
triaxial test machine. Thus E is obtained in the case of iso­
tropic consolidation, i.e. Aa^ = AOg = Ao^. 
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Since soils are not perfectly elastic, the typical stress-
strain relation shows a curvature even at a very low stress, 
therefore no true modulus of elasticity exists. As an approxi­
mation, the value of E for a particular range of elastic stresses 
is taken as the slope of the tangent to the curve at the point 
of origin. 
Figure 4.10 shows a typical stress-volumetric strain curve 
for a core of each density, 1.45, 1.55, and 1.63 g cm~^. 
The consolidation curves for the very high ambient stress 
values are presented to illustrate the increase in curvature as 
the ambient stress increases. The Young's modulus value is 
determined for each consolidated-drained test made and, as in 
the case of Poisson's ratio, is dependent upon the particular 
computed elastic stresses in the soil mass. 
Compressibility characteristics 
In the estimation of the point resistances of the probes, 
the compressibility of the soil has been given special consid­
erations by Farrell and Greacen (1966). As shown in Appendix 
A, compression curves of the form e = e^ - IIn are 
necessary to determine the voids ratio-pressure relations for 
the various zones of compression surrounding the probe, e^ is 
the voids ratio at a known stress is the major principal 
stress, and I is the slope of the line. To obtain this rela­
tionship, the data from the consolidated-drained tests are used 
to make the necessary calculations. For each soil core tested. 
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Figure 4.10, Relationship between stress and volumetric strain for isotropic 
compression of Dickinson loam at 0.3 b suction and bulk densities 
of #1.45, 0I.55, and nl.63 g cm~^. 
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the voids ratio at failure, as defined by a maximum is 
calculated. The voids ratio is then plotted as a function of 
the principal stress From this plot the principal stresses 
defining the boundaries of the compression zones and thé slopes 
of the rebound and void ratio at failure lines are determined 
(Figure 4.11). The compression indices and other properties 
of the soil cores are presented in Table 4.1. 
Table 4.1. Properties of cores of Dickinson loam at 0.3 bar 
suction 
Compression indices 
Bulk Initial Friction (Farrell and Greacen, 1966) 
Density voids Cohesion angle 
(g cmTJ) ratio (g cm~^) (°) Rebound line V.R.F. line 
1.45 0.798 160 32 0.00023 0.1598 
1.55 0.691 240 29 0.00069 0.1103 
1.63 0.612 360 27 0.00105 0.0547 
Predicted Point Resistances 
Having determined the soil parameters necessary for the 
prediction of the resistance to penetration of probes in com­
pressible soil, the theory of Greacen, Farrell, and Cockroft 
(1968) is used to estimate the effect of soil overburden pressure 
upon mechanical resistance. The predicted values are shown in 
Figures 4.12, 4.13, and 4.14 for Dickinson loam at a suction of 
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Figure 4.11. Compressibility characteristics of Dickinson loam at suction of 0.3 b 
and initial bulk densities of • 1.45, o 1.55, and a 1.63 g cm~3. 
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-3 0.3 bar and bulk densities of 1.45, 1.55, and 1.63 g cm , 
respectively. 
In the papers presenting this theory, the limitations of 
such.an analysis are presented. The complications of applying 
a theory based on the model of an expanding sphere in a plastic-
elastic medium at the point of a probe to the deformation of the 
soil by the growth of roots are discussed. Therefore, not until 
the last chapter will discussion be presented as to what sig­
nificance may be placed upon such an analysis. 
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CHAPTER V; EXPERIMENTAL DETERMINATION OF THE 
EFFECT OF OVERBURDEN PRESSURE ON THE 
RESISTANCE TO PENETRATION OF FINE PROBES 
This chapter deals with the measurement of resistances 
encountered by various sized penetrometers in soil cores sub­
jected to certain boundary conditions. It does not attempt to 
draw conclusions about the validity of using a penetrometer to 
simulate plant roots. The construction of apparatus used to 
subject soil cores to overburden pressures and interpretations 
given to the procedures used are discussed. 
Penetrometer resistance is measured in homogeneous compacted 
cores of Dickinson loam as a function of overburden pressure. 
The cylindrical soil cores had the same characteristic as those 
discussed in the previous chapters. Series of cores, approxi­
mately 3.78 cm and 7.47 cm in diameter, having initial bulk 
densities of 1.45, 1.55, and 1.63 g cm ^ and at a suction of 0.3 
bar are penetrated with probes having diameters of .242 cm, 
.376 cm, and .514 cm. By having cores and penetrometers of 
various sizes, an evaluation of the ratio of core diameter, D, 
to penetrometer diameter, a, to point resistance is made for 
soils with different overburden pressures. 
At a depth z below the surface of a homogeneous soil mass, 
the vertical normal stress is 
= yz (5.1) 
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where y is the effective unit weight of the overlying soil mass, 
and the horizontal stress at depth z is equal to 
= KgYZ (5.2) 
Thus in the construction of a pressure cell to study the 
effect of overburden pressure on point resistance these two 
latter conditions must be maintained. 
Probe Apparatus 
The penetrometer assembly used to measure point resistance 
is shown in Figure 5.1 and Figure 5.2. 
The penetrometer used is similar to the one used by Barley, 
Farrell, and Greacen (1965). Point resistance is measured 
independently of skin friction with the penetrometer arrange­
ment (Figure 5.2). The penetrometer consists of an inner shaft 
which measures point resistance and an outer shaft for the skin 
friction. The outer skin friction shaft is fastened to the 
horizontal bar which is rigidly attached to the long rods pro­
jecting above the base of the triaxial testing machine. Thus 
an actual measure of skin friction is not obtained. The force 
on the inner point resistance shaft is measured with a proving 
ring equipped with an electrical linear displacement transducer. 
This force is then recorded as a function of depth of penetration 
with a carrier-amplifier recorder. 
Figure 5.1. Apparatus for measuring point resistance. 
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Figure 5.2. Details of the penetrometer assembly. 
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, Rate of penetration 
Since the penetrometer is used to simulate plant roots 
penetrating compacted soil cores, the rate of probe penetration 
should be similar to the rate at which roots elongate in soil. 
Phillips (1959) reports rates of corn seedling root elon­
gation of 0.21 cm hr ^ in Ida silt loam at a suction of 0.1 bar 
and a bulk density of 1.39 g cm~^. Barley, Farrell, and Greacen 
(1965) found the elongation rate of pea and wheat roots in soil 
crumbs at a matrix suction of 0.3 bar to be 0.12 and 6.13 cm 
hr respectively. Martin and Leonard (1949) say that an 
elongation rate of 0.05 cm hr"^ is common in roots of many 
grasses. The rate of root elongation is not a constant but 
depends upon a variety of factors, but a range from 0.1 cm 
hr"^ to 0.6 cm hr ^ seems consistent with most plants. 
Obtaining point resistances for a series of cores with 
probes penetrating at a rate characteristic of that of roots 
would require a considerable length of time, therefore it is 
desirable to determine a maximum probe penetration rate that 
does not significantly increase the point resistance. 
In order to determine what rate of probe penetration 
should be used, twenty-two confined 3.78 cm diameter cores 
of density 1.45 g cm ^ were prepared. These cores were pene-
-1 trated with a 2.42 mm probe at rates from 0.1 cm hr to 13.1 
-1 
cm hr 
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Figure 5.3 presents the point resistance as a function of 
the rate of penetration. Point resistance values are presented 
in units of stress because of simplicity of calculation and 
because at this point the magnitude of the stress is not impor­
tant. The sample linear regression equation for the regression 
of point resistance (Y) on rate of penetration (X) is given by 
equation (5.3). 
Y = 30.5434 + 0.0188 X (5.3) 
The F test of Table 5.1 is a test of the null hypothesis 
3 = 0 or the null hypothesis that variation in X (rate of pene­
tration) does not contribute to variation in Y (point resistance) 
It is concluded that any particular penetration rate 
-1 -1 
ranging from 0.1 cm hr to 13.1 cm hr should not affect the 
point resistance values obtained. Therefore, a penetration 
rate of 5.0 cm hr ^ was employed throughout the course of this 
study. 
Table 5.1. Analysis of variance for data of Figure 5.3 
Source of variation Degrees of freedom Mean squares F 
Regression 1 .1647 .1838 
Deviations from 
regression 20 .8963 
Deviations from 
mean 21 
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Figure 5.3. Point resistance q as a function of rate of probe penetration in 
confined cores; p = 1.45 g cmr3, suction 0.3 bar, radius of probe 
= 2.42 mm. 
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Overburden Pressure Apparatus 
In the test procedure used to study the effect of over­
burden pressure on the penetration of metal probes, the vertical 
and horizontal stresses on the cylindrical soil cores are main­
tained such that overburden pressure can be evaluated for 
various D/a ratios. 
The cylindrical soil sample is confined radially, i.e., 
= 0, and an overburden pressure equal to yz is applied to 
the soil mass by the assembly shown in Figure 5.4. 
The arrangement consists of a lower cell through which the 
simulated overburden pressure (air pressure) is applied and a 
series of Plexiglas rings that are used to confine the core. 
Between the upper and lower cells is a flexible rubber membrane 
through which pressure can be applied to the soil core. 
The vertical wall Plexiglas rings are used to prevent hori­
zontal strain as the probe penetrates the soil core. Since 
the horizontal strain of a soil core is very small under an ap­
plied load, the horizontal pressure is practically equal to the 
pressure at rest K^a^. Thus the rings should be placed on the 
soil core such that a confining strain is not exerted upon the 
soil mass. Another restriction placed upon the construction 
of the confining rings is the height of the ring. If a soil 
core were to be confined radially with a continuous tube and 
if an overburden pressure were applied to the core, the skin 
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Figure 5.4. The apparatus for simulating overburden 
pressure. 
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friction created between ring and soil would result in the pres­
sure not effectively being equalized over the entire length of 
the core. 
Vertical wall-Plexiglas rings 
The vertical wall of the confined cores consists of a 
series of Plexiglas rings, each having an inner diameter similar 
to the outer specimen diameter and a height to be determined. 
The rings are placed above each other with small interspaces 
and hang on the specimen by means of friction. The rings can 
be clamped to the necessary diameter by the tightening of a 
fine threaded screw. 
To determine both the length and the degree of radial con­
finement of each ring, the coefficient of soil-Plexiglas 
friction must be determined. The assembly in Figure 5.5 is 
used for this purpose. A smooth Plexiglas disc with cup is 
placed on the surface of a 7.47 cm diameter cylindrical soil 
core. For a range of dead loads applied by the addition of 
mercury to the cup, the torque required to rotate the disc is 
measured by a precision torque screw driver. 
If the frictional stress, a^, is assumed to be constant 
over the area of contact between the soil and the Plexiglas 
disc, the torque required to rotate the disc is 
torque = / • 2ïïr • rdr = . 2n j (5.4) 
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Figure 5.5. The apparatus, for measuring the coefficient 
of soil-Plexiglas friction. 
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where a is the radius of the Plexiglas discs. For the different 
applied loads the frictional stress, can be determined from 
the measured torque. The normal stress can be determined by 
dividing the total applied load by the basal area of the disc 
^n ~ (5.5) 
The relationship between and can generally be written as 
Og = c' + a^tani|;' (5.6) 
where c' is the adhesion and tan^' is the coefficient of soil-
Plexiglas friction. The coefficient of soil-Plexiglas friction 
is determined in Figure 5.6 by applying a series of dead loads 
on three separate 7.47 cm diameter cylindrical soil cores each 
of three densities and a suction of 0.3 bar. By applying the 
method of least squares, a straight line is fitted to the data 
and the coefficient of soil-Plexiglas friction is taken as 0.41. 
Ring height 
If the vertical wall consisted of a continuous tube, the 
stresses created by the application of an overburden pressure 
would not be equally distributed throughout a vertical plane 
through the soil core. The height of the ring must be such 
that the ratio of . the vertical force acting on the ring in a 
horizontal section at half the height of the ring to the applied 
load can be disregarded. 
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Figure 5.6. Relationship of frictional stress, o^, and normal stress, o^, 
for a soil-Plexiglas system with each series of • , o , and 
p representing one replication. 
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Let a(x) be the normal compressive stress on an axial 
plane at a distance, x, from the loaded end of a soil core of 
diameter d. Then 
a(x+Ax) = a(x) + ^  Ax (5.7) 
If the earth pressure at rest for the soil is the radial 
stress in the soil at the interface of the soil and container is 
KgG(x). From equation (5.6) the axially directed frictional 
stress at this interface can be expressed as 
cj^(x) = c' + K^tan^'oCx) (5.8) 
As the axial forces acting on the soil disc must be in equilib­
rium 
o(x) ^  a^(x)7rdAx - a(x + Ax) =0 (5.9) 
Substituting for a^(x) and a(x +Ax) and simplifying gives 
= -(C + Kg tan#'a(x)) j (5.10) 
Separation of variables and subsequent integration gives 
4K tL' L°9E 1 -JRA + 1 = -X + G (5.11) 
o o 
where G is the constant of integration. With the boundary con­
dition the normal compressive stress at the soil surface is 
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the integration constant G can be determined and the resulting 
expression for a(x) is 
" ("o + (-4Kotan*'x/a) - 4^ (5.12) 
o o ^ 
When c'd/4K^tani|<'<<K^, equation (5.12) is simplified to 
a(x) = exp(-4K^tanil^'x/d) (5.13) 
According to equation (5.13), for a 7.47 cm diameter cy­
lindrical core, if the height of the rings is 1.78 cm, 91 per 
cent of the applied overburden pressure will be effective. For 
the 3.78 cm diameter cores, in order for 90 per cent of the 
applied overburden pressure to be effective, the height of the 
rings must be 1.00 cm. Thus in the construction of an apparatus 
to evaluate overburden pressure, the height of the confining 
rings are 1.78 cm and 1.00 cm for the 7.47 cm and 3.78 cm 
diameter cores, respectively. 
Confining pressure 
As has been stated, the Plexiglas rings are held to the 
wall of the soil cores by friction, but the confining pressure, 
0^, of the rings to the core should be approximately zero. By 
the use of Figure 5.7, the effect of confining pressure is 
studied. 
If a soil core is submitted to the action of normal stresses 
a^, a2' ^^3' uniformly distributed over the sides, the lateral 
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Figure 5.7. Plexiglas ring for confining cylindrical soil 
sample such that = 0. 
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strain is given by 
a_ va, va„ 
^3 " ~Ë ' 1 1~ (5.14) 
and, since for a cylindrical core, Og = 
Eg = ^ (Og - va^ - va^) (5.15) 
For an overburden pressure of zero, = 0, and 
03 
£3 = -| (1 - V) (5.16) 
Since e = L/L^ and the circumference of a circle is ird, or from 
Figure 5.7 As = ïïAd, 
e = (5.17) 
^ ^o 
Substituting equation (5.17) into equation (5.16) results in 
a, (l-v)TrL 
As = 2 (5.18) 
According to equation (5.18), a precision of As = .065 mm would 
_ 2  be required to control the confining pressure, a^, 10 g cm on 
a 7.47 cm diameter, 1.45 g cm"^ density core. Since such a 
change in ring circumference is difficult to measure this 
_ 2  
accurately, the confining pressure is maintained at 10 g cm 
or less by an alternate means. 
The coefficient of friction between two surfaces is the 
ratio of the force, P^, necessary to move one surface over the 
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other with uniform velocity to the normal force, F^, pressing 
the two forces together. Thus the coefficient of friction, 
is 
= F^/F^ (5.19) 
Since F^ is the product of the normal stress, o^, of the con­
fining ring and the area. A, upon which the force acts, 
Ff = ^'G^2nrh (5.20) 
where h is the height of the ring. 
According to equation (5.20), for a soil core of diameter 
7.47 cm, a force of 345 grams is required to overcome friction 
between soil core wall and confining ring if the confining force 
is 10 g cm ^. For the 3.78 cm diameter core, F^ equals 98 
grams. The Plexiglas rings are securely fixed to the soil core 
by adjusting the tightening screw until the ring barely slides 
down the core under a known weight. Being used as weights, 
aluminum cylinders are placed on the rings attached to the soil 
cores until the desired applied load, F^, is reached. Each ring 
is tightened by this procedure. 
Radial Stress 
In this particular arrangement for evaluating overburden 
pressure, the strain at the soil-container interface is zero, 
but no direct measure of the stress at the interface is 
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obtainable. An estimate of stress at the soil-container inter­
face as a function of the ratio of core to probe diameter is 
made only for zero overburden pressures. 
According to the predicted values in the previous chapter, 
the point resistance in unconfined and confined cores should be 
approximately equal unless the internal diameter of a continuous 
tube confining the core under test is less than twenty times the 
diameter of the probe, resulting in large side-wall effects. 
Accordingly, the point resistance in unconfined cores is not 
expected to increase for D/a ratios exceeding twenty, but will 
decrease as the D/a ratio decreases below twenty. A significant 
stress at the soil-container boundary is predicted for the 
theory of an expanding spherical cavity for D/a ratios less than 
twenty, therefore there must be a reaction equal in magnitude 
to this stress before the point resistance in a core not con­
fined by a continuous tube will be equal to that of a confined, 
core. Thus the basis for lateral stress determination is 
established. 
For ratios of D/a exceeding twenty, o^, the lateral pres­
sure required to create a point resistance equal in magnitude 
to the point resistance of a confined core, is expected to be 
approximately zero. For a specific D/a ratio, the lateral 
confining pressure, a^, is determined by measuring the point 
resistance q as a function of the confining pressure, , and 
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selecting the value of for q equal to the point resistance of 
a confined core, a thus should be an estimate of the stress 
c 
at the soil-container interface. 
The lateral confining pressure, a^, is given for each 
experimental D/a ratio for soil cores of density 1.45 g cm 
and 1.63 g cm ^ in Table 5.2. 
Table 5.2. Lateral pressure (g cm required to give point 
resistance, q, equal to that measured in a confined 
core. 
Density (g cm~^) 
D/a 1.45 1.63 
30.9 0 0 
19.9 50 80 
14.5 110 200 
10.1 220 350 
7.3 360 510 
Effect of Overburden Pressure 
Radially confined soil cores 3.78 cm and 7.47 cm in diam­
eter were penetrated with probes having diameters of .242 mm, 
.376 mm, and .514 mm. At a particular D/a ratio, the point 
resistance, q, was evaluated for several overburden pressures. 
105. 
The value of point resistance per unit cross section of the 
conical surface of the penetrometer is a maximum force per area 
such that q changes only slightly with depth. A plot of q 
against D/a for various overburden pressure values is shown for 
cores of density 1.45, 1.55, and 1.63 g cm ^ in Figures 5.8, 
5.9, and 5.10, respectively. 
In order to calculate the depth, z, corresponding to a 
certain overburden pressure, o^, the following conversion is 
noted. The effective unit weight of the overlying soil mass, 
Y is determined from 
' s 
Yg = (% water by weight) pg + p^ (5.21) 
_3 For initial bulk densities, p^, of 1.45, 1.55, and 1.63 g cm , 
Yg is 1.71, 1.83, and 1.93 g cm assuming the percentage 
water by weight to be 18.30%. 
The value of z corresponding to a certain overburden pres­
sure value is then 
2 = OG/YG (5.22) 
The point resistance as a function of depth is plotted in 
Figures 5.11, 5.12, and 5.13 for three bulk densities, 1.45, 
_3 1.55, and 1.63 g cm , respectively. 
Although at high D/a values the effective increase in 
point resistance due to soil overburden pressure is not large, 
the increase in point resistance at low D/a ratios appears to 
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be sufficiently large to alter root elongation. Whether soil 
overburden pressure and its relation to point resistances en­
countered by probes is analogous to the soil-plant root system 
is probably questionable to some. However, in the next chapter 
an examination is made of the importance of soil overburden 
pressure in a soil-plant system having dense root growth. 
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CHAPTER VI: APPLICATION OF RESULTS 
The calculated penetration resistance at zero overburden 
pressure and a D/a ratio of 30.9 is 20.9 per cent less than 
the measured stress at a bulk density of 1.45 g cm is 20.8 
per cent less at a bulk density of 1.55 g cm and is 0.5 per 
cent greater at a bulk density of 1.63 g cm At bulk densities 
of 1.45 and 1.55 g cm ^ the lack of agreement becomes greater 
as D/a ratios increase (Table 6.1). The difference in experi­
mentally determined and calculated point resistances at zero 
overburden pressure are consistent with results of Farrell and 
Greacen (1966) and Greacen, Farrell, and Cockroft (1968). 
As overburden pressure increases the lack of agreement 
between predicted and measured penetration resistances becomes 
greater. At high D/a values the calculated effect of over­
burden pressure overestimates the experimental determinations. 
At low D/a values the experimental resistance is much greater 
than the predicted values. The lack of agreement between the 
predicted effect of soil overburden pressure and the experi­
mental curves may be due to two reasons. The first reason is 
related to the estimates of Young's modulus. Poisson's ratio, 
and the coefficient of earth pressure at rest.. As shown in 
Figure 4.8, the coefficient of earth pressure at rest, K^, is 
not a constant for a particular soil, but approaches linearity 
at large stresses. Poisson's ratio thus also varies with 
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Table 6.1. Comparison of calculated with experimentally 
determined point resistances at zero overburden 
pressure for Dickinson loam at 0.3 bar suction 
Density Measured Calculated 
(g cm-3) D/a (kg cm-2) (kg cm-2) 
1.45 30.9 10.5 8.3 
19.9 10.6 8.3 
14.5 11.0 8.6 
10.0 12.0 8.9 
7.4 12.9 9.4 , 
1.55 30.9 14.4 11.4 
19.9 14.6 11.5 
14.5 15.4 11.8 
10.0 16.6 12.4 
7.4 17.8 13.3 
1.63 30.9 19.0 19.1 
19.9 19.3 19.5 
14.5 20.6 20.4 
10.0 22.2 22.5 
7.4 24.3 
stress since Poisson's ratio is calculated as a function of K . 
o 
Because the stress-strain curves (Figure 4.9) show a curvature 
even at low stresses, no true modulus of elasticity exists for 
Dickinson loam. Since this soil is not perfectly elastic, E 
and V are not constant but vary with stress. Using the pre­
dicted range of stresses developed in the elastic zone. Young's 
modulus for the 1.45 g cm ^ density cores varied from 73,400 
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(D/a = 30, = 0) to 39,600 g cm ^ (D/a = 5, = 400 g cm ^). 
Since a variable E and v gave erratic results, a constant E of 
56,000 g cm ^ and a constant v of 0.25 were used. 
Secondly, errors may result from the assumption of iso­
tropic compression of the soil core due to overburden pressure. 
The true consolidation stress is not a uniform vector because 
the pressure.in the vertical direction equals the overburden 
pressure while the pressure in the horizontal plane is times 
the vertical pressure. 
The effect that soil overburden pressure has on point 
resistance is believed to be more closely related to measured 
than predicted results. The probe resistance values at zero 
overburden pressure agree reasonably well with predicted values 
and the differences are of the same magnitude as reported by 
Farrell and Greacen (1966). The experimental procedure was 
checked by careful calibration of the force measurements. 
Point resistances for the 5.14 and 3.76 cm diameter probes 
give identical results in large cores (12.7 cm diameter). The 
calculated point resistances are quite sensitive to Young's 
modulus and Poisson's ratio as well as several compressibility 
characteristics. Experimental errors in these measurements 
would influence the results. In addition, the theory may be 
inadequate at higher overburden pressures. 
Since excessive strength is generally more of a problem in 
finely structured soils, the study of overburden pressure using 
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probes to measure relative stresses in remoulded soil cores 
should not differ greatly from actual field conditions. Probe 
studies in remoulded soil cores are not analogous to root ex­
tension through aggregated soils and should not be treated as 
such. Growing plant roots are flexible and tend to grow around 
obstructions. In coarsely structured soils the density of soil 
aggregates is greater than that of the soil mass, which suggests 
that voids between aggregates are commonly larger than those 
within. As a result roots will tend to move between the struc­
tural units. The resistance offered by soil to root penetration 
may be considerably less than that measured by a rigid pene­
trometer. Also the encountered resistance of roots may be 
reduced by local changes in pore water pressure which causes 
changes in soil strength. Moreover, roots are capable of 
altering their shape as obstructions appear, whereas probes 
cannot. Acknowledging that differences do exist between probes 
and roots, soil overburden pressure effects as measured by 
probes are used in this report to give an understanding of the 
elongation of roots in their environment. 
Pore structure rigidity at a certain depth will be regu­
lated by the dead weight of the soil above. If soil layers 
have pore sizes below the limit of root diameter, roots force 
their way through the soil by pushing aside the obstructing 
particles. If the compressibility of the soil is slight, a 
much larger force is required to move a single particle since 
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a considerable soil particle surface area is involved. A 
restriction upon the mobility of the particles increases the 
force necessary to move the particles aside and widen the pores. 
Rigidity of the soil structure must be considered as an impor­
tant factor governing the mechanical resistance to root 
penetration. 
The effect of increased rigidity upon reducing compressi­
bility and increasing point resistances is seen from the experi­
mental determinations of Chapter V. Examining the experimental 
point resistances (Table 6.2), for each of the three bulk 
densities, 1.45, 1.55, and 1.63 g cm soil overburden pres­
sure has its greatest effect at low coreiprobe diameter ratios. 
For high D/a values the increase in point resistance due to 
soil overburden pressure equivalent to 200 cm of soil is prob­
ably not large enough to greatly alter root elongation. As 
root density increases (low D/a values), soil overburden pres­
sure greatly increases the point resistance with the increase 
being greater at the high density. 
If the soil-root system is visualized as a continuous net­
work of roots surrounding a single root, an estimation of root 
density with depth can be drawn from the penetrometer results 
of Chapter V. With the preceding physical picture, an analysis 
of the mechanical resistance factor in root growth can be made 
free from other factors such as aeration, moisture, nutrients, 
etc. Assuming a mechanical pressure of 12 kg cm ^ will prevent 
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Table 6.2. Relative increase of experimentally determined 
point resistance with depth for Dickinson loam 
at suction of 0.3 bar and bulk densities of 1.45, 
-3 -2 1.55, and 1.63 g cm (q - kg cm , Aq - %). 
D/a Depth Bulk density (g cm 
1 .45 1. 55 ~ 1 .63 
q Aq q Aq q Aq 
~30.9 0 10.51 .00 14.40 .00 19.01 .00 
50 10.57 .57 14.54 .99 19.27 1.34 
100 10.65 1.33 14.68 1.96 19.54 2.76 
150 10.76 2.37 14.84 3.07 19.84 4.34 
200 10.88 3.52 15.11 4.95 20.16 6.02 
19.9 0 10.61 .00 14.57 .00 19.34 ,00 
50 10.71 .95 14.72 1.02 19.61 1.38 
100 10.82 1.98 14.90 2.25 19.84 2.57 
150 10.96 3.30 15.20 4.31 20.26 4.74 
200 11.13 4.91 15.51 6.44 20.83 7.69 
14.5 0 11.01 .00 15.41 .00 20.55 .00 
50 11.32 2.81 15.91 3.26 21.18 3.04 
100 11.64 5.72 16.47 6.89 21.88 6.45 
150 11.97 8.71 17.10 10.98 22.76 10.73 
200 12.36 12.26 17.78 15.40 23.79 15.74 
10.1 0 12.01 .00 16.55 .00 22.20 .00 
50 13.04 8.57 17.70 6.93 23.85 7.45 
100 13.97 16.31 19.26 16.36 25.73 15.92 
150 14.85 23.64 20.50 23.85 27.55 24.12 
200 15.67 30.47 21.85 32.00 29.50 -32:90 
7.4 0 12.91 .00 17.84 .00 24.27 .00 
50 14.04 8.74 19.10 7.09 26.20 7.94 
100 15.11 17.03 21.05 18.02 28.42 17.09 
150 16.13 24.93 22.72 27.38 30.53 25.78 
200 17.03 31.90 
the elongation of roots in a soil mass, the data in Figure 6.1 
(same as Fig. 5.8) can be used to determine the expected root 
density in 1.45 g cm"^ density soil. From this analysis the 
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- 2 ,  Figure 6.3, Experimental effect of soil overburden pressure, a (g cm ), on point 
resistance as a function of the radius of the confined core (bulk 
density 1.45 g cm"^, suction 0.3 bar). 
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D/a value necessary to prevent root elongation at certain depths 
is given in Table 6.3. This table may be interpreted as meaning, 
for example, that at a depth of 240 cm, if the ratio of soil to 
root diameter exceeds 15.8, root elongation ceases. 
Table 6.3. Depth below which root elongation ceases for a 
particular D/a value 
Depth (cm) (g cm"^) D/a 
o
 
o
 
0 10.0 
58.5 100 12.6 
117.0 200 14.0 
175.4 300 15.0 
233.9 400 15.8 
A unit cross section of soil contains roots and soil with 
the ratio of specific surface area of roots to total area 
2 2 2 being a /D -a . The surface area of roots is small in comparison 
to the total area, therefore the relative surface area of soil 
2 2 2 2 to roots can be taken as D /a . If a is unity, D /a becomes 
2 (D/a) . The percentage roots at a particular depth is then 
the area of roots/area of soil or 
2 percentage roots = l/(D/a) x 100 
Taking the D/a values of Table 6.3, the percentage of roots as 
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a function of depth is given in Figure 6.2 for Dickinson loam 
at 0.3 bar suction and 1.45 g cm ^ density. Mechanical resis­
tance should not be a problem since even at a depth of 200 cm, 
42 per cent of the plant's roots could penetrate if uniformily 
-3 -3 
spaced. The resistances in both the 1.55 g cm and 1.63 g cm 
*"2 density remoulded cores exceed 12 kg cm , therefore root growth 
would not be expected. 
A better understanding of why soil overburden pressure 
affects root proliferation greater as root density increases 
can be obtained from the model of the expanding sphere in a 
plastic-elastic medium. The confining pressure in the form of 
overburden pressure alters the sphere of influence, i.e. , the 
zone of elastic compression. The sphere of influence is said 
to be infinite, however it was seen that the penetration force 
was not influenced by confining systems at core;probe ratios 
greater than approximately 20:1. If a system is confined at 
ratios less than 20:1, the elastic-plastic boundary is altered 
with the elastic stress at the soil/container interface in­
creasing with decreasing core:probe diameter and with increasing 
overburden pressure. The combined effect of overburden pressure 
and increased root density reduces the volume change in the 
elastic zone or, in other words, reduces the compressibility 
of the soil. From the resulting increased radius of the mini­
mum void ratio zone, an increase in point resistance is 
expected. 
PERCENTAGE ROOTS 
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Figure 6.2. The relative percentage roots as influenced by soil depth. 
The surface depth is assigned a relative percentage of 100 
(bulk density 1.45 g cm~^, suction 0.3 bar). 
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CHAPTER IX: APPENDIX A 
What follows is a reproduction of the theory proposed by 
Farrell and Greacen (1966) and Greacen, Farrell, and Cockroft 
(1968) dealing with the estimation of point resistances in com­
pressible soil. The theory is presented because of its use in 
predicting point resistance values which are compared with the 
actual experimental values of this study and is presented in 
its entirety so that it is readily accessible to the reader. 
In the original paper proposing a theory to predict the 
resistances of probes (Farrell and Greacen, 1966), the analysis 
is based on the model of the spherical expansion of a cavity at 
the base of the probe for an infinite system. Greacen, Farrell, 
and Cockroft (1968) extend the theory to deal with a finite 
system, using both spherical and cylindrical models. 
The theory presented here is based on the model of an ex­
panding sphere at the point of the probe in a plastic-elastic 
medium under an external uniform pressure. The resistance to 
penetration for the probe point is calculated from the pressure 
required to form, by radial compression of the soil, a spherical 
cavity large enough to accommodate the probe point, making 
allowance for the frictional resistance developed on the sur­
face of the probe point. Compression of the soil to accommodate 
the volume of the probe is assumed to occur in two main zones, 
a zone of compression with plastic failure surrounding the 
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probe and/ outside this, a zone of elastic compression (Figure 
1 and Figure 2). 
Assuming a cohesive frictional material whose shearing 
strength is given by the Coulomb-Mohr theory of rupture, the 
stress relation in the plastic zone is 
"e = ( W# ) 'r - ' (1) 
where r, 0, and $ are the spherical polar coordinates, c is 
the cohesion, and <t> is the angle of internal friction. 
The differential equation of equilibrium for both the 
plastic and elastic zones reduces to 
- (20^ - - a^)/r = 0, 
and, for spherical symmetry, replacing OQ and with 
GCp/dr = -2(0^ - o^J/r, (2) 
where and are the radial and tangential stresses and r 
is the distance from the center of the sphere. 
The solution of Equation 2 that satisfies the stress 
relation in the plastic zone (r<R), may be written 
= Ad + sin*) ^ + sin*) + g 
(3) 
= A(1 - sin*) (-|) * + sin*) _ g 
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Figure 1. Compression zones around a penetrometer in compres­
sible soil. Soil compressed: 1, to minimum voids 
ratio; 11, with plastic failure along the VRF line; 
III, along the rebound curve; IV, as an elastic ma­
terial. 
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Figure 2. Compression curves that determine the voids ratio-pressure relations 
for the various zones (Farrell and Greacen, 1966). 
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where R is the radius of the sphere of the plastic zone and A 
and B are arbitrary constants to be determined. From Equations 
1 and 2, B = - c cot <j). 
In the elastic zone the distribution of stress induced by 
an inner pressure p^ at R and an outer pressure p^ at D, the 
radius of the confining cylinder (Figure 3), is 
P^D^Cr^-R^) p^R^(D^-r^) 
= —=—=—= + — 
^ r^{R^-D^) r^(R^-D^) 
(4) 
Oj_ = 
PoP^fZr^+R^) p^R^(2r^+D^) 
^ 2r^(R^-D^) 2r"(R^-D^) 
At r = D the tangential strain is zero, and from the relations 
between components of stress and the components of strain in 
an elastic medium established by Hooke's Law, 
0^ - v(G^+Op) = 0 (5) 
where v is the Poisson's ratio for soil, and is taken as 0.33. 
From Equations 4 and 5 the relation between p^ and p^, the 
inner and outer pressures, is; 
Pi/Po = [R^(l+v) + 2D^(l-2v)]/3R^(l-v) (6) 
Assuming complete continuity of stress between the elastic 
and plastic zones at R, from Equations 6 and 3 we get, for 
the plastic zone 
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Figure 3. Diagrammatic sketch of expanding sphere (see 
text for definition of symbols). 
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fT /fT = A(l+sin*) - c cot* 
r t A(l-sinô) - c cot* 
and for the elastic zone 
= R^LH-v) + 2D3(1-2V) (:) 
R'^d+v) - cr(l-2v) 
from which A can be evaluated in terms of D and assumed values 
of R. 
To determine R the change in voids ratio caused by the 
probe must be found. Based on the compressibility character­
istics of the soil (Figure 2), the zone of plastic compression 
is subdivided into three subzones: i) a central core of radius 
R^, where the soil has been compressed to its minimum voids 
ratio e^ (Figure 2, point m); ii) an intermediate zone R^ to 
Rjj, where the soil is compressed along the VRF line (Figure 2, 
points b-m) ; and iii) an outer zone, R^-R, the rebound zone, 
where the major and minor stresses are assumed to be in plastic 
equilibrium. 
The radii of the limits of these different zones can be 
determined as a fraction of R, the radius of the plastic zone. 
The values of the radial stress and a^, corresponding to 
the void ratios e^^ and e^ respectively from Figure 2, give 
VH . f c j (S, 
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V " -. pjlu R) c cot4) (l+sincj)) - c cot* ] (l+sin*)/4 sin* 
The voids ratio can be expressed as a function of the 
radial stress, o^, with the following terms applying to the 
three subzones in the zone of plastic failure; 
: - •<« 
\ - K 
e = e 
m 
e = e^ - I InfCp/o^) 
e = e^ - I Infa^/o^) 
(10) 
where I and I', the compression indices, are the slopes of the 
VRF line and the rebound line respectively, and is the 
radial stress at r = R^. 
The value for R is obtained by equating the change in 
voids in the various zones with the volume of the probe. If 
e_ is the initial voids ratio of the core, 
o 
1+e 
° Tr(R*)^ = TT + 
l+e 2wr*dr*+ 
^R* 
% 
l+e 2nr*dr* 
l+e 2nr*dr* 
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2ttp^(D*3-R*3) (1-2V) (1+V) 
(11) 
3 E R(l-v) 
where E is the measured Young's modulus for the soil. The 
asterisk signifies that the quantity has been generalized by 
dividing by the radius of the probe. The expression e/(l+e) 
is the voids per unit volume of soil. The last term in Equation 
11 gives the volume due to compression in the elastic zone for 
r>R; V is the Poisson's ratio for soil. 
Substituting the appropriate terms for e in Equation 11 
gives 
e.-Iln(Pc cot<j)/a, ) 
— — 2wr*dr* 
l+e^-Iln(Fc cot^/a^) 
2 
+ 
e.-I'ln(fc cot(t>/a,) 
— — 2nr*dr* 
l+Bj^-I ' ln(Fc cottp/a^) 
% 
+ — 2iTr*dr* 
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-2ïïPQ(D*3-R*3)(l-2v)(l+v)/3 E R(l-v) 
4 sin<J)/(l+sin<j)) 
where F = [A(l+sin(j)) (-pr) " H (12) 
The above analysis gives the values for the radial pressure 
required to form a cavity in the soil where the soil is confined 
at any radius D. The point resistance of the penetrometer will 
depend on the principal stress on the surface, the frictional 
properties, and the geometry of the probe point. 
Assuming that the principal stresses in the soil adjacent 
to the probe are the radial and tangential stresses and 
required to form the cavity, then, from Figure 4, the 
normal stress on the basal surface of the probe is given 
by 
®n = l/2(°ra-°ta) " l/2(°ra-=ta' 
tan (j)' = («ï^a'^^ta^ sinV/2o^, 
where (j)' is the coefficient of soil-metal friction and i|; de­
fines the directions of the principal stresses (Figure 4). 
The total point resistance, q^, becomes 
q^ = (l+tan*'cota), (13) 
where a is the included semi-angle of the probe point. 
FAILURE ENVELOPE 
MOHR S STRESS 
CIRCLE 
NORMAL STRESS Q 
Stress conditions at the base of the probe. (Parrell and Greacen, 1966) 
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CHAPTER X; APPENDIX B 
Modifications were made by D. A. Farrell in the analysis 
of Appendix A to include the effect of soil overburdeai pressure 
on qp. 
The true consolidation stress is not a uniform vector 
because the pressure in the vertical direction equals the over­
burden pressure while the pressure in the horizontal plane is 
times the vertical pressure. In evaluating the effect of 
overburden pressure on point resistance, it is assumed that the 
effects of a uniform consolidation pressure and anisotropic 
one can be considered similar if the mean compressive stresses 
in the soil mass for the two loading systems are equal. On 
this basis the uniform consolidation pressure is 
Og = 1/30 (1+K^) (14) 
where a is the overburden pressure 
is the average consolidation pressure 
The radial displacement at 4 = D can be expressed in 
terms of the radial and tangential stress at this poiEit 
"d = '^0'D • ° = f ["0 - - VD 
where u^is the radial displacement at D 
(eg)p is the tangential strain at D 
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To maintain spherical symmetry it is necessary to allow hori­
zontal strains in addition to the vertical strain. When 
the displacement at D must be expressed in terms of the internal 
and external pressure pertinent to the elastic zone. Substi­
tuting for OQ and in Equation 15 the expressions given by 
Equation 4 with r = D gives 
If Up = 0, the ratio of external to internal pressure can be 
specified in terms of Poisson's ratio, v, and the geometry of 
the elastic zone. 
For a soil compressed isotropically by a pressure, o^, the 
radial displacement, u^, is given by 
2E(R^-D^) 
{ p^[2D^+R^+vR^-4vD^] - P^3R^(1-V)} (16) 
Po _ 3(l-v)R^ (17) 
Pi 2D^(l-2v)+R^(l+v) 
"D " • I Oc(l-2v) (18) 
and Equation 17 is modified to 
3(l-v)R^ 2a^(l-2v)(R^-D^) (19) 
2D.^(l-2v)+R^(l-v) p^[2D^(l-2v)+R^(l+v)] 
To reduce Equation 20 to a form that was convenient with 
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previous computations, a consolidation parameter % was intro­
duced to give 
3a-v)R\ (20) 
Pi 2Dr(l-2v)+Br(l+v) 
After computing the stress distribution in the soil for arbitrary 
Xt the equivalent overburden pressure is computed from 
9(l-v) (1-X)P,-R 
G . (21) 
2(l-v) (1+2KQ) (D -R-^) 
A similar technique was used by Farrell to determine the 
radial displacement of the inner surface of the elastic zone. 
This radial displacement gives the effective volume change in 
volume of voids in the elastic zone. 
